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Characterization  and  targeting  of  the  ALDH  subpopulation  in  ovarian  cancer 

Charles  N.  Landen,  Jr.,  MD,  MS 
University  of  Alabama  at  Birmingham,  Birmingham,  AL 
Ovarian  Cancer  Academy  OC093443  July  2012-  June  2013  Annual  Report 


INTRODUCTION: 

While  most  ovarian  cancer  patients  initially  respond  to  chemotherapy,  most  will  ultimately  recur 
and  succumb  to  disease,  suggesting  that  there  is  a  subpopulation  of  cells  within  a  heterogeneous 
tumor  that  has  either  inherent  or  acquired  resistance  to  chemotherapy1.  Recently  subpopulations 
of  cancer  cells  in  solid  tumors  have  been  observed  to  have  properties  of  stem  cells,  and  therefore 
designated  as  “cancer  stem  cells”  (CSC’s)  or  tumor  initiating  cells  (TIC’s)2'3.  The  intent  of  this 
project  is  to  characterize  whether  ovarian  cells  that  express  aldehyde  dehydrogenase 
(ALDH1A1)  have  cancer  stem  cell  properties,  and  if  targeting  ALDH1A1  would  lead  to  a 
reversal  of  the  chemoresistant  properties.  Characteristics  of  cancer  stem  cell  that  will  be  assessed 
include  tumorigenicity  experiments,  evidence  of  multipotentiality,  and  enhanced  resistance  to 
chemotherapeutics.  The  effects  of  ALDH1A1  downregulation  will  be  detennined  both  in  vitro 
and  in  vivo,  using  small  interfering  RNA  (siRNA)  encapsulated  in  nanoparticles  that  allow 
efficient  in  vivo  delivery.  If  our  hypotheses  are  confirmed,  we  will  have  identified  a 
subpopulation  of  ovarian  cancer  cells  that  might  survive  initial  chemotherapy  and  contribute  to 
resistance,  and  furthennore  may  find  a  clinically  feasible  novel  methodology  to  target  these  cells 
to  improve  outcomes  in  this  devastating  disease.  If  ALDH1  cells  are  not  explaining  the  full 
population  of  chemoresistant  cells,  these  studies  will  provide  the  opportunity  to  more  fully 
characterize  which  cells  are  mediating  survival  of  primary  therapy. 


BODY: 

Task  1:  Detennine  tumorigenicity  of  ALDH1A1  subpopulations 

The  goal  of  task  1  was  to  detennine  the  tumorigenicity  of  ALDH1A1  subpopulations.  In 
a  prior  annual  report,  we  described  results  published  in  Molecular  Cancer  Therapeutics4  showing 
tumorigenicity  of  ALDH1 A 1 -positive  cells  compared  to  ALDH1 A 1 -negative  cells  from  the 
A2780cp20  cell  line. 

Task  2:  Detennine  if  ALDH  1 -positive  cells  survive  chemotherapy  in  the  tumor  microenvironment. 

We  have  previously  reported  on  performed  IHC  on  these  for  ALDH1,  CD44,  and  CD133 
to  determine  whether  recurrent  tumors,  which  are  generally  more  chemoresistant,  are 
predominantly  composed  of  these  populations.  We  found  that  tumors  collected  immediate  after 
receiving  primary  therapy,  the  time  at  which  cells  surviving  would  ultimately  cause  recurrent 
disease,  were  higher  in  both  ALDH1  (2-fold)  and  CD133  (24-fold)  cells. 

To  examine  whether  this  is  also  noted  in  a  setting  where  chemotherapy  administration 
and  tumor  collection  is  more  controlled,  we  have  established  protocols  for  development  of 
primary  xenografts  in  SCID  mice,  tenned  “patient-derived  xenografts”  (PDX).  We  previously 
reported  that  growth  in  the  subcutaneous  site  was  most  efficient.  We  have  continued  to  establish 
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PDX  tumors,  and  now  have  approximately  42  patients  in  whom  PDX  tumors  have  been 
established,  propagated,  and  stored.  Previously  we  reported  that  they  are  histologically  similar 
and  respond  to  chemotherapy  similar  to  patients.  In  the  last  year  we  have  further  evaluated 
whether  these  PDX  tumors  have  similar  expression  profiles  as  the  tumor  from  which  they  were 
derived.  We  perfonned  a  quantitative  PCR  array  for  84  oncogenes  that  are  recognized  targets  for 
therapy,  on  4  pair  of  PDX  tumors  and  patient  tumors.  There  was  not  a  significant  difference  in 
gene  expression  in  79  of  the  cancer  drug  target  genes,  with  an  overall  R  -value  of  .7441  (Figure 
1).  5  genes  had  a  decrease  in  expression  in  the  PDX  sample  when  compared  to  the  patient 
specimen.  These  genes  were  PDGFRA,  PDGFRB,  FLT1,  KDR  and  FLT4.  All  of  these  genes 
would  be  expected  to  be  decreased  in  the  PDX  tumor,  since  they  are  genes  produced  by  the  host, 
and  the  primers  for  qPCR  are  human-specific.  If  these  genes  are  removed  from  the  analysis  and 
only  tumor  cell-specific  gene  expression  is  considered,  the  Revalue  increases  to  0.8891. 
Therefore,  while  the  PDX  model  may  not  be  ideal  for  targeting  proteins  expressed  by  stromal 
cells,  overall  there  is  consistency  in  expression  of  targetable  oncogenes,  supporting  use  of  the 
model  for  drug  development. 


Patient  Sample 


Figure  1.  Quantitative  PCR  array  comparing  PDX  tumors  and  human  samples 


With  the  model  validated,  we  turned  our  attention  to  changes  in  tumors  with 
chemotherapy  treatment,  in  an  effort  to  identify  pathways  contributing  to  chemoresistance.  In 
order  to  determine  whether  putative  cancer  stem  cells  are  enriched  in  treated  samples,  we 
previously  reported  that  on  average,  there  was  a  significant  increase  in  ALDFI1  and  CD  133- 
positive  CSCs  comprising  treated  tumors.  CD44  was  only  increased  in  two  tumors,  and  not 
significant  overall.  These  are  consistent  with  findings  from  patient  tumors.  However,  it  is 
important  to  note  that  treated  tumors  are  not  composed  of  ONLY  these  cells.  Therefore  in  the 
last  year  we  have  subjected  untreated  and  treated  PDX  tumors  to  RNASeq  analysis,  and  in 
pairwise  fashion  examined  the  genes  and  pathways  changing  with  chemotherapy  treatment, 
either  by  enrichment  of  the  surviving  population,  or  induced  by  chemotherapy  exposure.  Initially 
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6  pair  of  tumors  have  been  sequenced  and  analyzed  (support  for  sequencing  provided  in  a 
separate  grant,  not  funded  by  this  grant,  but  work  is  related). 

Initially,  analysis  of  all  6  tumor  pairs  together  only  found  85  genes  that  were,  on  average, 
significantly  different  when  comparing  the  6  treated  and  untreated  tumors.  However,  when 
subjected  to  pathway  analysis  with  IP  A  software,  some  very  interesting  trends  are  apparent 
(Table  1).  Several  pathways  are  indeed  significant  altered  among  several  tumors.  These  include 
EIF2  signaling  (the  #1  pathway  in  4  of  the  6  pair),  mTOR  signaling,  antigen  presentation,  protein 
ubiquitination,  mitochondrial  dysfunction,  glycolysis,  and  remodeling  of  epithelial  adherens 
junctions. 


Table  1.  Pathways  significantly  altered  in  PDX  tumors  treated  with  chemotherapy. 
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Intriguingly,  it  was  the  same  4  tumors  in  which  these  pathways  were  altered,  suggesting  either  a 
link  between  them,  or  duplication  of  family  members  leading  to  their  reveal  as  important.  In  the 
other  two  pair,  most  of  the  pathways  significantly  altered  were  participants  in  the  immune 
system.  Therefore,  not  only  are  several  pathways  in  common  among  the  multiple  pair,  there 
appears  to  be  a  dichotomy,  whereby  one  family  of  tumors  may  respond  to  chemo  with  one  set  of 
pathways  relating  to  metabolism  and  controls  on  translation/transcription/protein  turnover,  and 
the  other  through  the  immune  system.  Additional  work  is  required  to  validate  these  findings,  and 
identify  ways  to  target  the  system  to  enhance  chemotherapy  response. 

Task  3:  Target  ALDH1  with  siRNA  in  vivo 

We  previously  reported  use  of  a  method  for  delivery  of  siRNA  in  vivo  using  DOPC 
nanoparticles  to  target  ALDH1A1  in  vivo.  Immunohistochemical  analysis  confirmed  reduced 
ALDH1A1  expression  with  ALDHIAl-siRNA/DOPC  treatment  compared  to  controls  but  not 
with  chemotherapy  alone.  The  combination  of  ALDH1A1  siRNA  and  docetaxel  resulted  in 
significantly  reduced  growth,  by  93.6%  compared  to  control  siRNA  (p<0.001),  by  89.8% 
compared  to  docetaxel  plus  control  siRNA  (p=0.003),  and  by  91.4%  compared  to  ALDH1A1 
siRNA  (p=0.002). 

Task  4:  Evaluate  mechanisms  of  ALDH1 -mediated  chemoresistance 


We  previously  reported  completion  of  microarray  studies  performed  on  ALDH1 -positive 
and  negative  populations  in  order  to  identify  which  pathways  may  be  overexpressed  and 
targetable.  In  conjunction  with  this  list,  as  well  as  genes  identified  in  stem  cell  pathway  analysis 
of  patient  primary/recurrent  pair,  two  genes  have  been  further  characterized  for  their  contribution 
to  chemotherapy  resistance. 

First,  the  endoglin  pathway  was  evaluated.  Endoglin  expression  was  intriguing,  as  it  had 
previously  only  been  known  to  be  expressed  in  developing  endothelial  cells.  Therefore,  Western 
blot  and  qPCR  were  used  to  evaluate  endoglin  expression  in  multiple  ovarian  cancer  lines.  Anti- 
endoglin  siRNAs  were  used  to  downregulate  expression  in  ES2  and  HeyA8MDR.  In  vitro,  the 
effects  of  endoglin-knockdown  individually  and  with  chemotherapy  were  evaluated  by  MTT 
assay,  cell-cycle  analysis,  alkaline  comet  assay,  and  y-H2AX  foci  formation.  In  vivo,  mice 
inoculated  with  ES2  or  HeyA8MDR  cell  lines  were  administered  chitosan-encapsulated  anti- 
ENG  siRNA  or  control  siRNA  with  and  without  carboplatin. 

As  described  in  the  accompanying  manuscript,  endoglin  was  indeed  highly  expressed  in  at 
least  4  ovarian  cancer  cell  lines  (Figure  2).  Inhibition  of  endoglin  expression  with  siRNA 
significantly  decreased  cell  viability  (by  50%,  p<0.001,  and  84%,  p<0.001,  respectively), 
increased  apoptosis,  induced  double-stranded  DNA  damage,  and  increased  cisplatin  sensitivity. 
In  an  orthotopic  mouse  model,  anti-endoglin  treatment  decreased  tumor  weight  in  both  ES2  and 
HeyA8MDR  models  when  compared  to  control  (41.2%  reduction,  p=0.001;  and  35.6% 
reduction,  p=0.014;  respectively,  Figure  3).  Endoglin  inhibition  with  carboplatin  administration 
was  associated  with  even  greater  response  when  compared  to  control  (61.2%  and  57.7% 
reduction,  p<0.001  for  both). 
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CD  105 
B-actin 

Figure  2.  Expression  of  CD105  (endoglin)  in  ovarian  cancer  cell  lines. 


B.  HeyA8MDR  Mean  Weights 


Individual  Weights 


*  -  p<0.05  v.  control 
**  -  p<  0.05  v.  carboplatin 


Figure  3.  SiRNA-mediated  downregulation  of  CD105  (endoglin)  in  orthotopic  models  of 
ovarian  cancer  -  ES2  (A)  and  HeyA8MDR  (B). 


In  parallel,  the  Hedgehog  pathway  was  examined  for  its  potential  in  chemotherapy  resistance. 
The  hedgehog  (HH)  pathway  has  been  implicated  in  the  formation  and  maintenance  of  a  variety 
of  malignancies,  including  ovarian  cancer;  however,  it  is  unknown  whether  HH  signaling  is 
involved  in  ovarian  cancer  chemoresistance.  The  goal  of  this  investigation  was  to  determine  the 
effects  of  antagonizing  the  HH  receptor,  Smoothened  (Smo),  on  chemotherapy  response  in 
ovarian  cancer.  As  reported  in  the  accompanying  manuscript,  expression  of  HH  pathway 
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members  was  assessed  in  3  pairs  of  parental  and  chemotherapy-resistant  ovarian  cancer  cell  lines 
(A2780ip2/A2780cp20,  SKOV3ipl/SKOV3TRip2,  HeyA8/HeyA8MDR)  using  qPCR  and 
Western  blot.  Cell  lines  were  exposed  to  increasing  concentrations  of  two  different  Smo 
antagonists  (cyclopamine,  LDE225)  alone  and  in  combination  with  carboplatin  or  paclitaxel. 
Selective  knockdown  of  Smo,  Glil  or  Gli2  was  achieved  using  siRNA  constructs.  Cell  viability 
was  assessed  by  MTT  assay.  A2780cp20  and  SKOV3TRip2  orthotopic  xenografts  were  treated 
with  vehicle,  LDE225,  paclitaxel  or  combination  therapy.  Chemoresistant  cell  lines 
demonstrated  higher  expression  (>2-fold,  p<0.05)  of  HH  signaling  components  compared  to 
their  respective  parental  lines.  Smo  antagonists  sensitized  chemotherapy-resistant  cell  lines  to 
paclitaxel  (Figure  4A),  but  not  to  carboplatin  (data  not  shown).  With  treatment,  cells  had  a 
profound  G2  phase  arrest  (Figure  4B-C).  LDE225  treatment  also  increased  sensitivity  of  ALDH- 
positive  cells  to  paclitaxel.  A2780cp20  and  SKOV3TRip2  xenografts  treated  with  combined 
LDE225  and  paclitaxel  had  significantly  less  tumor  burden  than  those  treated  with  vehicle  or 
either  agent  alone.  Increased  taxane  sensitivity  appeared  to  be  mediated  by  a  decrease  in  P- 
glycoprotein  (MDR1)  expression.  Selective  knockdown  of  Smo,  Glil  or  Gli2  all  increased 
taxane  sensitivity.  Smo  antagonists  reverse  taxane  resistance  in  chemoresistant  ovarian  cancer 
models,  suggesting  combined  anti-HH  and  chemotherapies  could  provide  a  useful  therapeutic 
strategy  for  ovarian  cancer 
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Figure  4.  (A)  Treatment  of  the  chemoresistant  cell  line  A2780cp20  with  LDE225  sensitized 
cells  to  paclitaxel,  and  (B,C)  led  to  a  dramatic  phase  G2  arrest 


KEY  RESEARCH  ACCOMPLISHMENTS: 

•  ALDH-positive  cells  from  the  A2780cp20  and  SKOV3TRip2  cell  lines  have 
approximately  50-fold  increased  tumorigenicity  compared  to  ALDH-negative  cells. 

•  Tumors  treated  with  chemotherapy  are  enriched  in  the  ALDH1  And  CD133  CSC 
population,  compared  to  matched  samples  collected  prior  to  therapy. 

•  Efficient  establishment  of  primary  xenografts  directly  from  patient  tumors  is  feasible,  and 
mimic  patient  tumors  in  histologic  make-up,  CSC  density,  and  response  to  chemotherapy. 

•  Xenograft  tumors  from  mice  treated  with  chemotherapy  are  similarly  enriched  in  ALDH1 
and  CD133  CSCs. 
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•  Treatment  of  tumor-bearing  mice  with  ALDH1 A 1 -targeting  siRNA  in  DOPC  sensitized 
nonnally-resistant  cell  lines  to  cisplatin  or  paclitaxel. 

•  Stem  cell  pathway  genes  endoglin  and  hedgehog  mediators  Glil  and  Gli2  contribute  to 
chemotherapy  resistance,  and  targeting  these  genes  restores  sensitivity  to  chemotherapy. 


REPORTABLE  OUTCOMES: 

•  Publications: 


1.  Steg  AS,  Bevis  KS,  Katre  AA,  Ziebarth  A,  Alvarez  RD,  Zhang  K,  Conner  M,  Landen 
CN.  Stem  cell  pathways  contribute  to  clinical  chemoresistance  in  ovarian  cancer.  Clin 
Can  Res,  18(3):869-81,  2012. 

2.  Stone  RL,  Nick  AM,  McNeish  IA,  Balkwill  F,  Han  HD,  Bottsford-Miller  J,  Rupaimoole 
R,  Annaiz-Pena  GN,  Pecot  CV,  Coward  J,  Deavers  MT,  Vasquez  HG,  Urbauer  D, 
Landen  CN,  Wei  H,  Gershenson  H,  Matsuo  K,  Shahzad  MMK,  King  ER,  Tekedereli  I, 
Ozpolat  B,  Ahn  EH,  Bond  VK,  Wang  R,  Drew  AF,  Gushiken  F,  Collins  K,  DeGeest  K, 
Lutgendorf  SK,  Chiu  W,  Lopez -Berestein  G,  Afshar-Kharghan  V,  Sood  AK. 
Paraneoplastic  Thrombocytosis  in  Ovarian  Cancer.  NEJM,  366(7):  610-8,  2012. 

3.  Ziebarth  AJ,  Landen  CN  Jr,  Alvarez  RD.  Molecular/genetic  therapies  in  ovarian 
cancer:  future  opportunities  and  challenges.  Clin  Obstet  Gynecol,  55(1):  156-72,  2012. 

4.  Kim  KK,  Zsebik  GN,  Straughn  JM,  Landen  CN.  Management  of  Complex  Pelvic 
Masses  Using  a  Multivariate  Index  Assay:  A  Decision  Analysis.  Gyn  One,  126(3):  364- 
8,2012. 

5.  Steg  AS,  Katre  AA,  Bevis  KS,  Ziebarth  A,  Dobbin  ZC,  Shah  MS,  Alvarez  RD,  Landen 
CN.  Smoothened  Antagonists  Reverse  Taxane  Resistance  in  Ovarian  Cancer.  Mol 
Cancer  Ther,  11(7):  1587-97,  2012.  | 

6.  Qin  Y,  Xu  J,  Aysola  K,  Oprea  G,  Reddy  A,  Matthews  R,  Okoli  J,  Cantor  A,  Grizzle 
WE,  Partridge  EE,  Reddy  ESP,  Landen  CN,  and  Rao  VN.  BRCA1  Proteins  Regulate 
Growth  of  Ovarian  Cancer  Cells  by  Tethering  Ubc9.  Am  J  Can  Res,  2(5):  540-8,  2012. 

7.  Li  H,  Cai  Q,  Wu  H,  Vathipadiekal  V,  Dobbin  ZC,  Li  T,  Hua  X,  Landen  CN,  Birrer  MJ, 
Sanchez -Beato  M,  Zhang  R.  SUZ12  promotes  human  epithelial  ovarian  cancer  by 
suppressing  apoptosis  via  silencing  HRK.  Mol  Can  Res,  10(11):  1462-72,  2012. 

8.  Ziebarth  AJ,  Nowsheen  S,  Steg  AS,  Shah  MM,  Katre  AA,  Dobbin  ZC,  Han  HD, 
Lopez-Berestein  G,  Sood  AK,  Conner  MG,  Yang  ES,  Landen  CN.  Endoglin  (CD  105) 
contributes  to  platinum  resistance  and  is  a  target  for  tumor-specific  therapy  in  epithelial 
ovarian  cancer.  Clin  Can  Res,  19(1):  170-82,  2013. 

9.  Chen  H,  Landen  CN,  Li  Y,  Alvarez  RD,  Tollefsbol  TO.  Epigallocatechin  Gallate  and 
Sulforaphane  Combination  Treatment  Induce  Apoptosis  in  Paclitaxel-Resistant  Ovarian 
Cancer  Cells  through  hTERT  and  Bcl-2  Down-regulation.  Exp  Cell  Res,  319(5):  697- 
706,2013. 
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10.  Chen  H,  Landen  CN,  Li  Y,  Alvarez  RD,  Tollefsbol  TO.  Enhancement  of  Cisplatin- 
mediated  Apoptosis  in  Ovarian  Cancer  Cells  through  Potentiating  G2/M  Arrest  and  p2 1 
Upregulation  by  Combinatorial  Epigallocatechin  Gallate  and  Sulforaphane.  J  Oncol, 
2013:872957,2013. 

11.  Schultz  MJ,  Swindall  AF,  Wright  JW,  Sztul  ES,  Landen  CN,  Beilis  SL.  ST6Gal-I 
sialyltransferase  confers  cisplatin  resistance  in  ovarian  tumor  cells.  J  Ovar  Res,  6(1): 
25,2013. 

12.  Erickson  BK,  Conner  MG,  Landen  CN  Jr.  The  Role  of  the  Fallopian  Tube  in  the 
Origin  of  Ovarian  Cancer.  Am  J  Obstet  Gynecol,  in  press. 

13.  Dobbin  ZA,  Landen  CN.  The  importance  of  the  PI3K/AKT/mTOR  pathway  in  the 
progression  of  ovarian  cancer.  Int  J  Mol  Sciences,  in  press. 

14.  Landen  CN  and  Lengyl  E.  Summary  of  the  2013  American  Association  for  Cancer 
Research  (AACR)  Annual  Meeting.  Gyn  One,  in  press. 


•  Abstracts  presented: 

1 .  Ziebarth  A,  Steg  AD,  Katre  AA,  Zhang  K,  Nowsheen  S,  Yang  HS,  Connor  M,  Lopez- 
Berestein  G,  Sood  AK,  and  Landen  CN.  Targeting  Endoglin  (CD  105)  induces 
apoptosis,  improves  platinum  sensitivity  both  in  vivo  and  in  vitro,  and  is  a  potential 
therapeutic  target  in  epithelial  ovarian  cancer.  9lh  International  Conference  on  Ovarian 
Cancer,  MD  Anderson  Cancer  Center,  Houston,  TX,  2011.  Oral  presentation. 

2.  Ziebarth  A,  Steg  AD,  Katre  AA,  Zhang  K,  Nowsheen  S,  Yang  SH,  Connor  MG,  Lopez- 
BeresteinG,  Sood  AK,  Landen  CN.  A  novel  role  for  the  TGF-P  co-receptor  endoglin 
(CD  105)  in  platinum  resistant  epithelial  ovarian  cancer.  43rd  Annual  Society  of 
Gynecologic  Oncologists  Meeting,  2012. 

3.  Ziebarth  A,  Dobbin  ZC,  Katre  AA,  Steg  AD,  Alvarez  RD,  Conner  MG,  and  Landen 
CN.  Primary  ovarian  cancer  murine  xenografts  maintain  tumor  heterogeneity  and 
biologically  correlate  with  patient  response  to  primary  chemotherapy.  4 3' d  Annual 
Society  of  Gynecologic  Oncologists  Meeting,  2012. 

4.  Yang  E,  Nowsheen  S,  Cooper  T,  Landen  CN,  Bonner  J.  Poly  (ADP-Ribose) 
Polymerase  Inhibition  Attenuates  Radiation-Induced  Non-Homologous  End-Joining 
Repair  and  Augments  Cervical  Cancer  Response  to  Radiation.  43rd  Annual  Society  of 
Gynecologic  Oncologists  Meeting,  2012. 

5.  Kim  KH,  Bevis  KS,  Walsh-Covarrubias  J,  Alvarez  RD,  Straughn  JM,  Landen  CN. 
Optimizing  the  Research  Experience  in  Gynecologic  Oncology  Fellowships.  43'd 
Annual  Society  of  Gynecologic  Oncologists  Meeting,  2012. 

6.  Dobbin  ZC,  Katre  AA,  Ziebarth  A,  Shah  MM,  Steg  AD,  Alvarez  RD,  Conner  MG, 
Landen  CN.  An  Optimized  Primary  Ovarian  Cancer  Xenograft  Model  Mimics  Patient 
Tumor  Biology  and  Heterogeneity.  Ovarian  Cancer:  Prevention,  Detection  and 
Treatment  of  the  Disease  and  its  Recurrence,  Pittsburg,  PA,  2012.  § 
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7.  Zimmerman  J,  Crittenden  F,  Landen  CN,  Alvarez  RD,  Brezovich  I,  Kuster  N,  Costa  F, 
Barbault  A,  Pasche  B.  Amplitude  Modulated  Radiofrequency  Electromagnetic  Fields  as 
a  Novel  Treatment  for  Ovarian  Cancer.  34th  Annual  Meeting  of  the 
Bioelectromagnetics  Society,  Brisbane,  Australia,  2012. 

8.  Dobbin  ZC,  Katre  AA,  Ziebarth  A,  Shah  MM,  Steg  AD,  Alvarez  RD,  Conner  MG, 
Landen  CN.  Use  of  an  optimized  primary  ovarian  cancer  xenograft  model  to  mimic 
patient  tumor  biology  and  heterogeneity.  American  Society  of  Clinical  Oncology,  2012. 

9.  Leath  CA,  Alvarez  RA,  Landen  CN.  Determination  of  Potential  Ovarian  Cancer  Stem 
Cells  in  Patients  with  High  Grade  Serous  Cancer  Undergoing  Neoadjuvant 
Chemotherapy.  WRHR  Scholars  Research  Symposium,  Philadelphia,  PA,  2012. 

10.  Walters  C,  Straughn  J,  Landen  C,  Estes  J,  Huh  W,  Kim  K.  Port-Site  Metastases  after 
Robotic  Surgery  for  Gynecologic  Malignancy.  43rd  Annual  Society  of  Gynecologic 
Oncologists  Meeting,  2013. 

1 1 .  Shah  M,  Nowsheen  S,  Katre  A,  Dobbin  Z,  Erickson  B,  Alvarez  R,  Konstantinopoulos 
P,  Yang  E,  Landen  C.  Towards  personalized  PARP  therapy:  XRT-induced  Rad51 
predicts  response  to  ABT-888  in  ovarian  cancer.  43rd  Annual  Society  of  Gynecologic 
Oncologists  Meeting,  2013. 

12.  Ziebarth  AJ,  Nowsheen  S,  Steg  AD,  Shah  MM,  Katre  AA,  Dobbin  ZC,  Sood  AK, 
Conner  MG,  YangES,  and  Landen  CN.  Endoglin  (CD  105)  is  a  target  for  ovarian 
cancer  cell-specific  therapy  through  induction  of  DNA  damage  Proceedings  of  the 
American  Association  of  Cancer  Research,  2013. 

13.  Erickson  BK,  Steg  AD,  Dobbin  ZC,  Katre  AA,  Alvarez  RD,  Landen  CN.  Examination 
of  the  chemoresistant  subpopulation  in  ovarian  cancer  identifies  DNA  repair  genes 
contributing  to  survival  after  primary  therapy.  Proceedings  of  the  American  Association 
of  Cancer  Research,  2013. 

14.  Erickson  BK,  Dobbin  ZC,  Shim  E,  Alvarez  RD,  Conner  MG,  Landen  CN.  Identical 
TP53  mutations  support  a  common  origin  for  mixed  histology  epithelial  ovarian  cancer. 
Proceedings  of  the  American  Association  of  Cancer  Research,  2013. 

15.  Burke  MR,  Steg  AD,  Jeong  DH,  Dobbin  ZC,  Landen  CN.  GSI-1  synergizes  with 
LDE225  in  ovarian  cancer  cells  by  inhibiting  the  proteasome  Proceedings  of  the 
American  Association  of  Cancer  Research,  2013. 

16.  Jackson  WP,  Katre  AA,  Dobbin  ZC,  Steg  AD,  Landen  CN.  Pathway  analysis  of 
chemoresistance  in  ovarian  cancer  cell  lines.  Proceedings  of  the  American  Association 
of  Cancer  Research,  2013. 

17.  Jimenez  H,  Zimmerman  JW,  Landen  CN,  Brezovich  I,  Chen  D,  Kuster  N,  Capstick  M, 
Gong  Y,  Barbault  A,  Pasche  B.  Amplitude-Modulated  Radiofrequency  Electromagnetic 
Fields  Inhibit  Ovarian  Cancer  cell  Growth  has  been  accepted  for  Platform  presentation. 
Bioeletromagnetics  Society,  2013. 


•  Grants  awarded  for  which  data  generated  by  this  work  contributed  preliminary  data: 
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o  Principle  Investigator.  Identifying  mediators  of  chemoresistance  in  ovarian 
cancer.  The  Norma  Livingston  Foundation.  50,000,  5/1/2012-4/30/2014. 
o  Principle  Investigator.  Development  of  a  Personalized  Therapy  Model  in  Cervical 
Cancer.  Pilot  Project,  SPORE  in  Cervical  Cancer.  9/1/2012  -  8/31/2013.  $30,000. 
o  Co-Principle  Investigator.  Predicting  response  of  ovarian  cancers  to  PARP 
Inhibitors.  The  ROAR  Foundation.  12/14/2012-  12/13/2014. 


•  Funding  applied  for  with  decision  pending: 

AACR  Basic  Cancer  Research  Fellowship  Role:  Mentor 

Sponsor:  American  Association  of  Cancer  Research 

BARD1  and  chemoresistance  in  epithelial  ovarian  cancer 

Major  Goals  of  Project:  The  purpose  of  this  proposal  is  to  explore  the  potential  of  targeting 

BARD  1  in  such  a  fashion,  as  our  preliminary  studies  suggest  it  plays  a  prominent  role  in 
chemotherapy-resistant  ovarian  cancer. 

Multi-Investigator  Grant  Role:  Co-PI  (Tollefsbol) 

Sponsor:  UAB  Comprehensive  Cancer  Center 

Novel  Dietary  Epigenetic  Approaches  for  Chemosensitization  of  Ovarian  Cancer 

Major  Goals  of  Project:  In  this  proposal  we  hypothesize  that  green  tea  combined  with  cruciferous 
vegetables,  such  as  broccoli  sprouts,  as  sources  of  the  epigenetic-modifying  compounds 
SFN  and  EGCG,  will  reduce  the  growth  of  chemo resistant  ovarian  tumors  in  mice.  We 
will  also  determine  the  epigenetic  mechanisms  for  decreased  expression  of  key  tumor- 
related  genes  such  as  telomerase  and  determine  the  genome-wide  impact  of  these 
compounds  on  epigenetics  in  chemoresistant  ovarian  cancers. 

Multi-Investigator  Grant  Role:  Co-PI  (Prevelige) 

Sponsor:  UAB  Comprehensive  Cancer  Center 

Overcoming  Chemoresistance  with  Protein  Cage  Nanoparticle-Mediated  SiRNA  Therapeutics 

Major  Goals  of  Project:  This  proposal  intends  to  determine  the  ability  of  modified  PCN 
nanoparticles  to  delivery  siRNA  to  ovarian  cancer  cells  in  vivo,  to  be  used  as  a 
therapeutic  modality  in  overcoming  taxane  chemoresistance.  PCNs  will  be  further 
modified  to  avoid  detection  and  destruction  by  the  adaptive  immune  system,  and  to 
enhance  tumor  uptake  through  ligand/receptor  interactions 

R01  Role:  Co-I  (van  Waardenburg) 

Sponsor:  NIH/NCI 

The  DNA  repair  enzyme  tyrosyl-DNA  phosphodiesterase  I  as  therapeutic  target 

Major  Goals  of  Project:  The  hypothesis  of  this  proposal  is  that  alterations  in  the  catalytic 

mechanism  of  Tdpl  that  stabilize  the  covalent  Tdpl-DNA  intennediate  may  be  exploited 
in  the  development  of  novel  cancer  therapeutics.  The  project  seeks  to  determine  the 
frequency  and  clinical  significance  of  Tdpl  expression  in  ovarian  cancer,  as  well  as  the 
potential  of  newly-developed  inhibitors  as  effective  therapeutics. 

OCRP  Resource  Development  Award  Role:  PI 
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Sponsor:  Department  of  Defence 

Characterization  and  Distribution  of  Ovarian  Patient-Derived  Xenografts 
Major  Goals  of  Project:  To  characterize  and  make  available  a  patient-derived  xenograft  model 
that  may  improve  understanding  of  the  significance  of  ovarian  cancer  heterogeneity  and 
more  accurately  predict  response  to  therapies. 

Program  Project  Development  Grant  Role:  PI 

Sponsor:  Ovarian  Cancer  Research  Fund 

New  strategies  to  address  chemotherapy  resistance  in  ovarian  cancer 

Major  Goals  of  Project:  to  define  novel  mechanisms  of  acquired  and  intrinsic  resistance  to 

therapy  and  to  develop  new  technologies  to  target  ovarian  cancer  cells  in  a  manner  that 
will  provide  successful  strategies  to  circumvent  chemoresistance  in  this  disease  context. 


CONCLUSIONS: 


Our  data  demonstrate  that  ALDH1 A 1 -positive  cells  are  more  tumorigenic  than  ALDH1A1- 
negative  cells,  contribute  to  poor  patient  outcomes,  and  contribute  to  chemoresistance. 
Importantly,  these  effects  can  be  reversed  by  downregulating  ALDH1A1  expression  with 
nanoparticle-delivered  siRNA.  Additionally,  we  have  shown  that  increased  tumorigenicity  is  not 
only  an  important  ex  vivo  assessment  of  CSCs,  but  that  they  are  clinically  significant  as  well,  in 
that  chemoresistant  tumors  have  increased  density  of  ALDH  and  CD  133  cells.  This  suggests  that 
they  represent  at  least  part  of  the  chemoresistant  population  within  a  heterogeneous  tumor. 
Importantly,  they  do  not  seem  to  explain  the  entire  story,  as  there  are  still  many  CSC-negative 
cells  present  at  the  conclusion  of  treatment.  Further  evaluation  of  the  mechanism  stem  cell 
pathways  have  on  chemotherapy  resistance  have  found  that  endoglin  (CD  105)  and  hedgehog 
mediators  Glil  and  Gli2  are  strongly  associated  with  resistance.  Targeted  either  of  these 
pathways  restored  sensitive  to  paclitaxel  or  carboplatin  in  vitro  and  in  vivo.  Although  response  to 
chemotherapy  in  PDX  models  is  highly  variable  at  the  individual  gene  level,  pathway  analysis 
reveals  multiple  pathways  that  commonly  altered  in  many  tumors.  The  immune  system  also 
appears  to  mediate  a  robust  response  in  some  tumors.  Future  work  will  attempt  to  delineate 
which  of  these  pathways  is  most  contributory,  and  how  they  may  be  best  targeted  to  kill  the  final 
chemotherapy  resistant  population  in  ovarian  cancer. 


REFERENCES: 

1.  Bast  RC,  Jr.,  Hennessy  B,  Mills  GB.  The  biology  of  ovarian  cancer:  new  opportunities 
for  translation.  Nat  Rev  Cancer  2009;9(6):4 15-28. 

2.  Dalerba  P,  Cho  RW,  Clarke  MF.  Cancer  stem  cells:  models  and  concepts.  Annu  Rev  Med 
2007;58:267-84. 

3.  Rosen  JM,  Jordan  CT.  The  increasing  complexity  of  the  cancer  stem  cell  paradigm. 
Science  2009;324(5935):  1670-3. 
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4.  Landen  CN,  Jr.,  Goodman  B,  Katre  AA,  et  al.  Targeting  aldehyde  dehydrogenase  cancer 
stem  cells  in  ovarian  cancer.  Mol  Cancer  Ther  20 1 0;9(  12):3 1 86-99. 

5.  Steg  AD,  Bevis  KS,  Katre  AA,  et  al.  Stem  cell  pathways  contribute  to  clinical 
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•  Appendix  1 :  Publications 

o  Steg  AS,  Katre  AA,  Bevis  KS,  Ziebarth  A,  Dobbin  ZC,  Shah  MS,  Alvarez  RD, 
Landen  CN.  Smoothened  Antagonists  Reverse  Taxane  Resistance  in  Ovarian 
Cancer.  Mol  Cancer  Ther,  11(7):  1587-97,  2012. 

o  Ziebarth  AJ,  Nowsheen  S,  Steg  AS,  Shah  MM,  Katre  AA,  Dobbin  ZC,  Han  HD, 
Lopez-Berestein  G,  Sood  AK,  Conner  MG,  Yang  ES,  Landen  CN.  Endoglin 
(CD  105)  contributes  to  platinum  resistance  and  is  a  target  for  tumor-specific 
therapy  in  epithelial  ovarian  cancer.  Clin  Can  Res,  19(1):  170-82,  2013. 

o  Erickson  BK,  Conner  MG,  Landen  CN  Jr.  The  Role  of  the  Fallopian  Tube  in  the 
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Statement  of  Translational  Relevance:  Ovarian  cancer  remains  the  most  lethal  gynecologic 
malignancy,  largely  due  to  its  high  rate  of  chemoresistant  recurrence.  Endoglin  (CD  105)  is 
overexpressed  on  tumor-associated  endothelial  cells  and  is  a  target  for  anti-angiogenic  therapy, 
but  expression  on  tumor  cells  has  only  been  recently  demonstrated.  In  the  current  study,  we 
demonstrate  that  endoglin  is  actually  predominantly  expressed  in  the  cytoplasm  of  malignant 
cells,  and  downregulating  endoglin  promotes  apoptosis,  induces  DNA  damage,  and  sensitizes 
cells  to  platinum  therapy  in  vitro  and  in  vivo.  This  occurs  through  effects  on  numerous  DNA 
repair  genes,  most  prominently  BARD1.  The  novel  demonstration  of  efficacy  in  targeting  tumor 
cells  themselves,  in  addition  to  the  previously-recognized  effects  of  targeting  vasculature,  make 
this  therapeutic  an  attractive  mechanism  to  target  both  compartments  of  the  tumor 
microenvironment. 
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Abstract: 

Purpose:  Endoglin  (ENG,  CD  105)  is  a  membranous  protein  overexpressed  in  tumor-associated 
endothelial  cells,  chemoresistant  populations  of  ovarian  cancer  cells,  and  potentially  stem  cells. 
Our  objective  was  to  evaluate  the  effects  and  mechanisms  of  targeting  endoglin  in  ovarian 
cancer. 

Experimental  Design:  Global  and  membranous  endoglin  expression  was  evaluated  in  multiple 
ovarian  cancer  lines.  In  vitro ,  the  effects  of  siRNA-mediated  endoglin  knockdown  with  and 
without  chemotherapy  were  evaluated  by  MTT  assay,  cell-cycle  analysis,  alkaline  comet  assay, 
y-H2AX  foci  formation,  and  qPCR.  In  an  orthotopic  mouse  model,  endoglin  was  targeted  with 
chitosan-encapsulated  siRNA  with  and  without  carboplatin. 

Results:  Endoglin  expression  was  surprisingly  predominantly  cytoplasmic,  with  a  small 
population  of  surface-positive  cells.  Endoglin  inhibition  decreased  cell  viability,  increased 
apoptosis,  induced  double-stranded  DNA  damage,  and  increased  cisplatin  sensitivity.  Targeting 
endoglin  downregulates  expression  of  numerous  DNA  repair  genes,  including  BARD1,  H2AFX, 
NBN,  NTHL1,  and  SIRT1.  BARD1  was  also  associated  with  platinum  resistance,  and  was 
induced  by  platinum  exposure.  In  vivo,  anti-endoglin  treatment  decreased  tumor  weight  in  both 
ES2  and  HeyA8MDR  models  when  compared  to  control  (35-41%  reduction,  p<0.05).  Endoglin 
inhibition  with  carboplatin  was  associated  with  even  greater  inhibitory  effect  when  compared  to 
control  (58-62%  reduction,  p<0.001). 

Conclusions:  Endoglin  downregulation  promotes  apoptosis,  induces  significant  DNA  damage 
through  modulation  of  numerous  DNA  repair  genes,  and  improves  platinum  sensitivity  both  in 
vivo  and  in  vitro.  Anti-endoglin  therapy  would  allow  dual  treatment  of  both  tumor  angiogenesis 
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and  a  subset  of  aggressive  tumor  cells  expressing  endoglin  and  is  being  actively  pursued  as 
therapy  in  ovarian  cancer. 
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Introduction 

Epithelial  ovarian  carcinoma  (EOC)  remains  the  most  lethal  gynecologic  malignancy.1 
While  initial  response  to  first-line  therapy  (consisting  of  surgical  cytoreduction  and  combination 
platinum/taxane  therapy)  is  usually  effective,  the  majority  of  patients  will  ultimately  recur  with 
chemotherapy-resistant  cancer  and  succumb  to  disease.  This  emphasizes  the  need  for  novel 
therapies  aimed  at  targeting  the  population  of  cancer  cells  most  resistant  to  initial  therapy. 

Endoglin  (ENG)  is  a  180kDa  disulfide-linked  homodimer  transmembrane  protein  most 
prominently  expressed  on  proliferating  endothelial  cells.  It  is  a  well-characterized  angiogenic 
marker  that  is  upregulated  during  angiogenesis,  and  is  overexpressed  in  vascular  endothelium  in 
malignancies  including  ovarian,  leukemia,  gastrointestinal  stromal  tumors  (GIST),  melanoma, 
and  laryngeal  cancers,  but  is  rarely  expressed  in  non-endothelial  cells."'  It  is  a  co-receptor  of 
TGFBR2  that  binds  TGF-B  and  is  an  important  mediator  of  fetal  vascular/endothelial 
development.4  Recently,  anti-angiogenic  agents  have  received  extensive  attention  as  new 
therapeutic  modalities,  and  CD  105  has  become  an  additional  target  by  which  intratumoral 
angiogenesis  may  be  targeted.5'6  However,  endoglin  may  serve  in  a  capacity  beyond 
angiogenesis  alone.  Studies  in  GIST  and  breast  cancer  suggest  that  endoglin  is  upregulated  not 
only  in  tumor  endothelial  cells,  but  also  in  actual  tumor  cells,  and  is  associated  with  poor 
prognosis.  Soluble  endoglin  has  also  been  noted  in  ovarian  cancer  ascites,9  and  increased 
endoglin  expression  in  ovarian  cancer  endothelial  cells  is  associated  with  poor  prognosis.10 
Additionally,  we  have  recently  shown  that  while  endoglin  is  rarely  expressed  in  primary  ovarian 
cancer  cells,  it  is  frequently  expressed  in  recurrent  platinum-resistant  tumor  cells,  as  compared  to 
the  primary  untreated  tumor. 1 1  These  findings  suggest  a  broader  role  of  endoglin  in  tumor  cell 
biology  beyond  that  of  endothelial  expression  alone.  The  goal  of  our  current  study  is  to  evaluate 
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the  effects  of  targeting  tumor-specific  endoglin  in  ovarian  cancer  both  in  vitro  and  in  vivo  and 
explore  the  mechanisms  by  which  endoglin  may  contribute  to  chemoresistance. 

Methods  and  Materials 

Evaluation  of  endoglin  expression  in  ovarian  cancer  cell  lines.  Multiple  ovarian  cancer  cell 
lines  were  evaluated  for  the  presence  of  endoglin,  including  HeyA8,  HeyA8MDR,  ES2, 
A2780ip2,  A2780cp20,  A2780cp55,  SKOV3ipl,  SKOV3TRp2,  IGROV-AF1,  and  HIO-180. 
Cells  were  maintained  in  RPMI-1640  medium  with  10%  fetal  bovine  serum  (FBS)  (Hyclone, 
Fogan,  UT).  The  taxane-resistant  cell  line  HeyA8MDR  was  maintained  in  the  same  media  with 
the  addition  of  150  ng/ml  of  paclitaxel.  Cell  lines  were  routinely  screened  for  Mycoplasma 
(GenProbe  detection  kit;  Fisher,  Itasca,  IF)  and  all  experiments  performed  on  70-80%  confluent 
cultures.  Cells  less  than  20  passages  from  confirmation  of  genotype  by  STR  analysis  were  used. 

Cell  lysates  were  collected  in  modified  radioimmunoprecipitation  assay  lysis  buffer  with 
protease  inhibitor  cocktail  (Roche,  Manheim,  Germany).  Immunoblot  analysis  was  performed 
using  rabbit  anti-endoglin  antibody  (Sigma,  St.  Fouis,  MO)  at  1:500  dilution  overnight  at  4°C.  A 
loading  control  was  performed  with  mouse  anti-P-actin  antibody  (Clone  AC- 15,  Sigma)  at 
1:20,000  dilution  for  1  hour  at  RT.  After  washing,  membranes  were  incubated  in  HRP- 
conjugated  goat  anti-rabbit  (for  Endoglin)  or  goat  anti-mouse  (for  P-actin)  secondary  antibodies 
(Bio-Rad,  Hercules,  CA).  Visualization  was  performed  by  enhanced  chemiluminescence  (Pierce 
Thermo  Scientific,  Rockford,  IF). 

Immunohistochemistry.  Cell  lines  in  culture  were  washed  with  ice  cold  PBS  twice,  then  fixed 
by  applying  100%  ice  cold  methanol  for  10  min.  Cells  were  rehydrated  with  PBS.  Endogenous 
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peroxidase  was  blocked  with  3%  H202  in  methanol  for  15min  at  RT.  The  slides  were  incubated 
in  10%  normal  goat  serum  for  1  hr  at  RT.  The  primary  anti-endoglin  antibody  (Sigma 
HPA01 1862)  was  diluted  in  10%  normal  goat  serum  at  1 :50.  The  slides  were  kept  at  4°C 
overnight.  Biotin-labeled  secondary  antibody  was  applied  on  cells  at  the  concentration  of  1 :2000 
for  lhr  at  RT,  followed  by  avidin-biotin  peroxidase  buffer.  DAB  (3,3’-diaminobenzidine)  was 
used  as  chromophore  to  detect  the  staining.  To  visualize  endoglin  expression  in  tumor  sections, 
formalin-fixed  paraffin-embedded  tissue  was  cut  in  sections  of  5uM  thickness.  Slides  were 
warmed  for  1 5  minutes  and  sequentially  deparaffinized.  Antigen  retrieval  was  carried  out  in 
Citrate  buffer  (pH6.0)  in  a  pressure  cooker  at  high  pressure  for  5  min.  Endogenous  peroxidase 
was  quenched  by  3%  H202  in  methanol  for  15  min.  Slides  were  incubated  in  10%  normal  goat 
serum  for  lhr  at  RT.  Slides  were  then  incubated  (4°C,  Overnight)  in  antibody  against  endoglin 
(Sigma  HPA01 1862)  in  10%  normal  goat  serum  at  1:200  dilution.  Detection  was  carried  out 
using  biotin  labeled  secondary  antibody  against  rabbit  at  dilution  of  1 :2000  incubated  at  RT  for  1 
hr,  followed  by  avidin-biotin  peroxidase  buffer.  DAB  (3,3’-diaminobenzidine)  was  used  as 
chromophore. 

Flow  cytometry.  After  trypsinisation  and  centrifugation,  the  cell  pellet  was  washed  and 
resuspended  in  washing  buffer  (PBS  containing  2%  FBS  and  0.1%  sodium  azide). lxlO7  cells 
were  resuspended  in  50|ils  of  10%  goat  buffer  for  lhr  kept  on  ice.  Cells  were  incubated  in 
antibody  against  endoglin  1 : 100  (Sigma  HPA01 1862)  in  10%  goat  serum  for  lhr  on  ice.  Alexa- 
488-conjugated  anti  rabbit  antibody  was  applied  on  cells  for  30  minutes  and  incubated  on  ice. 

The  cells  were  washed  twice  in  PBS  and  analyzed  by  FACS. 
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Endoglin  Downregulation  by  siRNA  transfection:  In  order  to  determine  the  effects  of 
endoglin  downregulation  in  ovarian  cancer  cells,  transient  knockdown  was  accomplished  with 
anti-endoglin  siRNA.  Lipofectamine  2000  (Invitrogen)  transfection  was  perfonned  on 
Hey8MDR  and  ES2  cell  lines  using  control  siRNA  (target  sequence:  5’- 
UUCUCCGAACGUGUCACGU-3',  Sigma)  lacking  known  human  or  mouse  targets,  or  one  of 
two  different  Endoglin-targeting  constructs  (5’-CAAUGAGGCGGUGGCAAU-3’  [“ENG_A”} 
or  5’-CAGAAACAGUCCAUUGUGA-3’  [“ENG_B”],  Sigma).  These  anti-human  sequences 
have  no  more  than  8  consecutive  bp  homology  with  murine  CD  105  (by  BLASTN)  and  therefore 
should  not  affect  murine  endoglin  expression.  Lipofectamine  was  added  to  5|lg  siRNA  at  a  3: 1 
v/v  ratio  (or  as  otherwise  specified,  as  in  Figure  IE)  were  incubated  for  20  min  at  RT,  added  to 
cells  in  serum- free  RPMI  to  incubate  for  12  hours  in  6-  well  plates,  then  maintained  in  10% 
FBS/RPMI  for  an  additional  12  hours,  trypsinized  and  re-plated  on  a  96-well  plate  at  a 
concentration  of  2,000  cells  per  well.  Cells  were  treated  with  vehicle  or  increasing  doses  of 
carboplatin  or  paclitaxel  to  generate  an  IC  50  curve.  After  5  days,  cells  were  washed  and 
incubated  with  MTT  reagent  (Sigma)  for  2  hours  at  37°C.  Media  was  then  removed,  cells 
dissolved  in  DMSO,  and  optical  density  measurements  at  570  nm  read  with  a  spectrophotometer. 
The  IC50  was  the  chemotherapy  concentration  giving  the  ODicso  reading,  calculated  by  the 
formula  ODicso  =  [(ODMax  -  ODMin)/2  +  ODMin]-  Assays  were  repeated  in  triplicate. 

Apoptosis  analysis.  Analysis  of  apoptosis  was  performed  with  the  Annexin  V  assay  combined 
with  propidium  iodide  (PI,  eBiosciences  #88-8005-74).  ES2  and  HeyA8MDR  cells  were 
transfected  with  either  control  siRNA  or  anti-endoglin  siRNA  in  serum-free  RPMI  growth  media 
for  12  hours,  followed  by  maintenance  in  10%  FBS/RMPI.  Cells  were  trypsinized  96  hours 
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following  transfection,  washed  twice  in  PBS,  and  then  resuspended  in  200|lL  lx  binding  buffer 
containing  5|lL  of  Annexin  V.  10|iL  of  PI  was  added,  cells  were  incubated  for  10  minutes  at  RT 
in  the  dark.  Fluorescent  signal  (FITC  and  PI)  in  cells  were  analyzed  by  FACS  and  data  were 
analyzed  with  FlowJo  v.7.6.1  (Ashland,  OR). 

Alkaline  comet  assay.  ES2  cells  (n=400,000  in  6-well  plate)  were  transfected  with  endoglin  and 
control  siRNA.  Twenty-four  hours  following  transfection,  cells  were  exposed  to  cisplatin 
without  supplemental  SVF  at  a  concentration  of  lfiM  (the  approximate  IC80  level  for  this  line) 
for  either  1  or  4  hours,  carefully  rinsed  to  remove  the  drug,  and  cultured  in  regular  media. 

Vehicle  or  control  siRNA  were  included  in  all  experiments.  At  the  indicated  time  points,  cells 
were  collected  and  subjected  to  alkaline  comet  assay  according  to  the  manufacturer’s  instructions 
(catalog  #  4250-050-K;  Trevigen).  Briefly,  cells  were  combined  with  low  melting  agarose  onto 
CometSlides  (Trevigen).  After  lysis,  cells  were  subjected  to  electrophoresis  and  stained  with 
SYBR  green.  Subsequently,  cells  were  visualized  using  fluorescent  microscopy  (Carl  Zeiss, 
Thornwood,  NY).  At  least  200  comet  images  were  analyzed  for  each  time  point  using  Comet 
Score  software  (version  1.5;  TriTek  Corp.).  The  number  of  tail-positive  cells  with  small  and 
large  nuclei  was  manually  counted  by  an  examiner  blinded  to  treatment  group,  and  expressed  as 
a  percentage  of  all  cells  evaluated.  Experiments  were  repeated  in  triplicate. 

y-H2AX  foci  formation.  ES2  cell  lines  were  cultured  and  seeded  on  sterile  cover  slips.  Twenty- 
four  hours  following  transfection  with  control  or  anti-endoglin  siRNA,  cells  were  exposed  to 
1  |iM  cisplatin  for  either  1  or  4  hours,  carefully  rinsed  to  remove  the  drug,  and  cultured  in  regular 
media.  Following  the  treatment  period,  IFIC  was  performed  as  previously  described  '  with 
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slight  modification  for  foci  staining.  Briefly,  cells  were  rinsed  in  phosphate  buffered  saline 
(PBS)  and  incubated  for  5  minutes  at  4°C  in  ice-cold  cytoskeleton  buffer  (lOmM  Hepes/KOH, 
pH  7.4,  300mM  sucrose,  lOOmM  NaCl,  3mM  MgC12)  supplemented  with  ImM  PMSF,  0.5mM 
sodium  vanadate  and  proteasome  inhibitor  (Sigma,  1 : 100  dilution)  followed  by  fixation  in  70% 
ethanol  for  15  minutes.  The  cells  were  blocked  and  incubated  with  primary  antibody  (1:500 
dilution,  anti-phosphoH2AX  Seri 39,  Millipore,  catalog  #  MI-07- 164).  The  secondary  antibody 
was  anti-rabbit  Alexa  Fluor  488-conjugated  antibody  (1:2000  dilution;  Invitrogen).  DAPI 
(Invitrogen,  catalog  #  D21490)  was  used  for  nuclear  staining.  The  cover  slips  were  subsequently 
mounted  onto  slides  with  mounting  media  (Aqua  poly  mount,  Polysciences,  Inc.  catalog  # 

18606)  and  analyzed  via  fluorescence  microscopy  (Carl  Zeiss,  Thornwood,  NY).  Positive  and 
negative  controls  were  included  on  ah  experiments.  A  total  of  500  cells  were  assessed.  For  foci 
quantification,  cells  with  greater  than  10  foci  were  counted  as  positive  according  to  the  standard 
procedure.  Experiments  were  repeated  in  triplicate. 

RNA  extraction  from  cell  lines.  Total  RNA  was  isolated  from  ovarian  cancer  cell  lines  using 
Trizol  reagent  (Invitrogen,  Carlsbad,  CA)  per  manufacturer’s  instructions.  RNA  was  then  DNase 
treated  and  purified  using  the  RNeasy  Mini  Kit  (QIAGEN,  Hilden,  Germany).  RNA  was  eluted 
in  50  pL  of  RNase-free  water  and  stored  at  -80°C.  The  concentration  of  ah  RNA  samples  was 
quantified  by  spectrophotometric  absorbance  at  260/280  mn  using  an  Epoch  Microplate 
Spectrophotometer  (BioTek  Instruments,  Winooski,  VT). 

DNA  repair  qPCR  array.  ES2  and  HeyA8  cells  in  culture  were  exposed  to  siRNA  against 
endoglin  in  Lipofectamine  2000  as  described  above.  After  48  hours,  cells  were  collected  and 
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mRNA  extracted.  Two  replicates  per  cell  line  were  performed.  These  four  samples  were  then 
subjected  to  a  quantitative  PCR  array  consisting  of  84  genes  from  DNA  damage/repair  pathways 
(plus  additional  housekeeping  genes;  the  RT2  Profiler  PCR  Array  Human  DNA  Damage 
Signaling  Pathway,  SA  Biosciences  Cat#  PAHS-209Z,  perfonned  per  manufacturer’s 
instructions).  Briefly,  extracted  RNA  was  converted  to  cDNA  and  amplified  using  the  RT2  FFPE 
PreAMP  cDNA  Synthesis  Kit  (SABiosciences,  Frederick,  MD).  Quality  of  cDNA  was  confirmed 
with  the  Human  RT2  RNA  QC  PCR  Array  (SABiosciences).  Gene  expression  was  analyzed 
using  the  Human  DNA  Damage  Signaling  Pathway  RT"  Profiler  PCR  Array  (SABiosciences), 
which  profiles  the  expression  of  84  genes  involved  in  pluripotent  cell  maintenance  and 
differentiation14.  Functional  gene  groupings  consist  of  the  ATM/ATR  signaling,  nucleotide 
excision  repair,  base-excision  repair,  mismatch  repair,  double  strand  break  repair,  apoptosis,  and 
cell  cycle  checkpoint  regulators.  PCR  amplification  was  performed  on  an  ABI  Prism  7900HT 
sequence  detection  system  and  gene  expression  was  calculated  using  the  comparative  Ct 
method15. 

Reverse  transcription  and  quantitative  PCR.  Extracted  RNA  samples  were  diluted  to  20 
ng/pL  using  RNase-free  water.  cDNA  was  prepared  using  the  High  Capacity  cDNA  Reverse 
Transcription  Kit  (Applied  Biosystems).  The  resulting  cDNA  samples  were  analyzed  using 
quantitative  PCR.  Primer  and  probe  sets  for  ENG  (PPH01140F)  ATM  (PPH00325C),  BARD1 
(PPH09451A),  DDIT3  (PPH00310A),  H2AFX  (PPH12636B),  NBN  (PPH00946C),  NTH  LI 
(PPH02720A),  PPP1R15A  (PPH02081E),  SIRT1  (PPH02188A),  ATP7B  (PPH06148A),  and 
RPLPO  (Hs99999902_ml,  housekeeping  gene)  were  obtained  from  SABiosciences  and  used 
according  to  manufacturer’s  instructions.  PCR  amplification  was  performed  on  an  ABI  Prism 
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7900HT  sequence  detection  system  and  gene  expression  was  calculated  using  the  comparative 
Ct  method. 

Orthotopic  Mouse  Model.  Female  athymic  nude  mice  (nu-nu)  were  obtained  from  the  National 
Cancer  Institute  Frederick  Cancer  Research  and  Development  Center  (Frederick,  MD).  Mice 
were  cared  for  in  accordance  with  American  Association  for  Accreditation  of  Laboratory  Animal 
Care  guidelines,  the  United  States  Health  Services  Commissioned  Corps  “Policy  on  Human  Care 
and  Use  of  Laboratory  Animals,”  and  University  of  Alabama  at  Binningham  Institutional 
Animal  Care  and  Use  Committee  policies.  ES2  tumors  were  established  by  intraperitoneal  (IP) 
injection  of  lxlO6  cells  suspended  in  200|lL  of  serum  free  RPMI  media.  Hey8MDR  tumors  were 
established  in  a  similar  way,  using  5xl05  cells.  To  evaluate  the  effectiveness  of  endoglin-targeted 
therapy  in  vivo,  siRNA  was  incorporated  into  chitosan  nanoparticles  as  previously  described.16'17 
Therapy  was  initiated  1  week  after  tumor  cell  injection.  Mice  were  randomized  to  one  of  four 
treatments  (n=10  per  group);  a)  control  siRNA  alone  (150  ug/kg  twice  weekly  injected  IV),  b) 
control  siRNA  with  IP  carboplatin  (160  mg),  c)  anti-endoglin  siRNA  (150  ug/kg  twice  weekly) 
alone,  or  d)  anti-endoglin  siRNA  with  carboplatin.  All  treatments  were  suspended  in  100  |lL 
0.9%  normal  saline  (NS).  Mice  were  monitored  for  adverse  effects,  and  all  treatment  groups 
sacrificed  when  control  mice  became  uncomfortable  with  tumor  burden.  ES2  tumors  behaved 
aggressively,  and  were  harvested  following  2  weeks  of  treatment.  Hey8MDR  tumors  were 
harvested  after  3  weeks  of  therapy.  Mouse  weight,  ascites  volume,  tumor  weight  and  distribution 
of  tumor  were  recorded.  Representative  tumor  samples  were  obtained  from  5  mice  in  each 
treatment  group,  formalin-fixed,  paraffin-embedded,  and  cut  into  5  micron  sections  for 
evaluation  of  Proliferating  Cell  Nuclear  Antigen  (PCNA),  Terminal  deoxynucleotidyl  transferase 
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mediated  dUTP  Nick  End  Labeling  assay  (TUNEL),  y  H2AX  (phosphorylation  of  Histone  2A 
protein)  and  53BP1  (a  mediator  of  the  DNA  damage  checkpoint). 

Tumor  PCNA  Immunohistochemistry  and  TUNEL.  Sections  were  deparaffinized  and  re¬ 
hydrated,  and  antigen  retrieval  was  perfonned  with  citrate  buffer  (pH  6.0)  in  pressure  cooker  for 
5  minutes.  Endogenous  peroxidase  activity  was  quenched  with  3%  hydrogen  peroxide  solution  in 
methanol  for  15  minutes.  Sections  were  blocked  with  CytoQ  immune  diluent  and  block  and 
probed  with  PCNA  primary  antibody  (PCNA-PC10,  Cell  signaling  Technology,  1:5000  dilution) 
at  4°C  overnight.  Sections  were  washed  and  incubated  with  the  Mach  3  mouse  HRP  polymer 
system.  After  rinsing,  the  sections  were  incubated  with  DAB  chromophoric  solution  (Scytek 
Labs,  Utah,  USA)  for  5  min  at  room  temperature,  then  counterstained  with  Gill’s  hematoxylin 
(Ricca  chemicals).  Four  40x  microscopic  fields  were  counted  from  each  section,  averaged  over 
5  mice  in  each  treatment  group,  and  expressed  as  a  percentage  of  the  total  number  of  tumor  cells. 
Apoptosis  was  determined  by  TUNEL  assay  with  a  colorimetric  apoptotic  cell  detection  kit 
(Promega),  per  manufacturer’s  instruction.  As  with  PCNA  IHC,  4  microscopic  fields  at  40x 
magnification  were  evaluated  from  each  section.  Stained  cells  were  recorded  as  a  percentage  of 
the  total  number  of  tumor  cells. 

Tumor  yH2AX  and  53BP1  IHC.  Formalin  fixed  tissues  were  heated  at  60°C  for  lhr  and 
rehydrated  according  to  standard  protocol.  Subsequently,  the  tissues  were  permeabilized  in  0.5% 
Triton  X-PBS  for  10  min,  blocked  in  2%  BSA-0.1%  Triton-X-PBS  for  1  hr,  and  incubated  with 
primary  antibodies  (1:500  dilution,  anti  phospho  H2AX  Serl39,  Millipore,  catalog  #  MI-07-164; 
1:500  dilution,  anti-53BPl,  Novus  Biologicals,  catalog  #  NB 100-304).  The  secondary  antibody 
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was  anti-rabbit  Alexa  Fluor  488-conjugated  antibody  (1:2000  dilution;  Invitrogen).  DAPI 
(Invitrogen,  catalog  #  D21490)  was  used  for  nuclear  staining.  The  slides  were  subsequently 
mounted  using  mounting  media  (Aqua  poly  mount,  Polysciences,  Inc.  catalog  #  18606)  and 
analyzed  via  fluorescence  microscopy  (Carl  Zeiss,  Thornwood,  NY).  Positive  and  negative 
controls  were  included  on  all  experiments.  A  total  of  500  cells  were  assessed.  For  foci 
quantification,  cells  with  greater  than  10  foci  were  counted  as  positive  according  to  the  standard 
procedure.  Experiments  were  repeated  in  triplicate.  Data  show  the  mean  and  SEM. 

Statistics.  Analysis  of  normally  distributed  continuous  variable  was  performed  using  a  two- 
tailed  Student’s  t-test.  Those  data  with  alternate  distribution  were  examined  using  a 
nonparametric  Mann- Whitney  U  test.  A  p<0.05  was  considered  statistically  significant. 

Results 

Effects  of  endoglin  downregulation  on  cell  viability  and  platinum  sensitivity.  Endoglin  is 
expressed  by  multiple  ovarian  cancer  cell  lines  (Figure  1  A),  most  prominently  in  HeyA8, 
HeyA8MDR,  and  ES2  cells.  Weak  expression  was  detected  in  the  HIO-180,  A2780ip2, 
A2780cp20,  SKOV3ipl,  SKOV3TRp2,  and  IGROV-AF1  cell  lines.  This  was  previously 
demonstrated  at  the  mRNA  level  by  quantitative  PCR1 '.  To  confirm  that  expression  was 
predominantly  at  the  cell  surface,  consistent  with  its  function  as  a  co-receptor  for  TGF(3,  we 
performed  immunohistochemistry  on  the  ES2  and  HeyA8MDR  cell  lines.  Surprisingly,  the 
predominant  staining  was  noted  n  the  perinuclear  cytoplasm  (Figure  IB).  This  was  confirmed  by 
flow  cytometry,  where  interestingly  not  only  was  membranous  staining  rare,  but  there  was  a  very 
distinct  separate  population  with  100-fold  fluorescent  intensity  (rather  than  a  global  shift  among 
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all  cells),  consistent  with  a  separate  small  population  of  cells  with  strong  endoglin  surface 

expression  (Figure  1C).  This  population  represented  6.0%  of  FIeyA8MDR  and  5.4%  of  ES2 

cells.  On  close  examination  of  IFIC  on  cultured  cells,  a  minority  of  the  cells  could  be  seen  to 

have  strong  membranous  expression  of  CD105  (arrows,  Figure  IB).  A  separate  endoglin-positive 

population  has  previously  been  noted  in  renal  cell  carcinoma  cells,  which  did  exhibit  stem-cell 
18 

properties.  However,  these  data  are  conclusive  that  the  majority  of  endoglin  expression  in 
ovarian  cancer  is  cytoplasmic,  suggesting  a  role  other  than  just  as  a  co-receptor  for  TGF-beta. 

To  determine  whether  siRNA-mediated  downregulation  of  endoglin  had  significant 
effects  on  viability  and  chemosensitivity,  two  different  siRNA  constructs  (ENG_A  siRNA  and 
ENG_B  siRNA)  were  examined.  Both  effectively  reduced  endoglin  expression  at  48  hours  at  the 
mRNA  (Figure  ID)  and  protein  level11).  Both  were  previously  shown  to  reduce  cell  viability11. 

To  determine  the  mechanism  by  which  endoglin  knockdown  reduced  viability,  evaluation  of 
apoptosis  was  perfonned  by  the  TUNEL  assay.  Annexin  V/PI  co-fluorescent  staining  performed 
48  hours  following  transfection  indicated  significantly  fewer  viable  cells  in  those  treated  with 
anti-endoglin  siRNA  than  those  treated  with  control  siRNA  (47.2%  vs.  65.1%,  p<0.05).  A 
sample  flow  cytometry  plot  and  a  graph  of  average  over  three  experiments  are  shown  in  Figure 
ID.  Those  treated  with  anti-endoglin  siRNA  had  increased  percentages  of  cells  in  both  early 
apoptosis  (21.5%  vs.  17.9%,  p<0.05)  and  late  apoptosis  (18.9%  vs.  12.0%,  p<0.05).  Effects 
were  more  pronounced  when  combined  with  cisplatin.  In  order  to  determine  whether  Endoglin 
knockdown  had  an  effect  on  viability  in  combination  with  chemotherapy,  cells  were  exposed  to 
siRNA,  then  re-plated  after  24  hours,  and  incubated  with  increasing  concentrations  of  cisplatin  or 
paclitaxel.  Because  endoglin  downregulation  alone  was  associated  with  substantial  cell  death  in 
the  HeyA8MDR  model,  knockdown  was  performed  with  several  dilutions  of  siRNA  in  an  effort 
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to  more  clearly  delineate  effects  on  platinum  sensitivity.  In  both  ES2  (normal  IC50  for  cisplatin 
=  0.7|lM)  and  HeyA8MDR  (normal  IC50  for  cisplatin  =  0.65|lM)  models,  increased  cisplatin 
chemosensitivity  was  noted  (up  to  4-fold  and  2-fold  reduction  in  IC50,  respectively,  Figure  IE). 
Similar  experiments  were  perfonned  with  paclitaxel,  which  did  not  show  an  increased 
sensitization  with  endoglin  downregulation  (data  not  shown). 

Downregulation  of  endoglin  induces  DNA  damage  in  vitro.  Because  platinum  toxicity  is 
mediated  primarily  through  induction  of  DNA  damage,  we  evaluated  whether  the  enhanced 
cisplatin  sensitivity  from  endoglin  knockdown  was  a  result  of  increased  DNA  damage.  DNA 
damaging  agents  can  induce  both  single-stranded  breaks  (SSBs)  and  double  stranded  breaks 
(DSBs)  which  can  lead  to  initiation  of  apoptotic  pathways.  DNA  damage  in  the  ES2  line  was 
first  assessed  via  an  alkaline  comet  assay,  which  detects  both  SSB  and  DSB.  As  quantified  in 
Figure  2A,  increased  DNA  damage  over  24  hours  was  observed  with  cisplatin,  endoglin 
downregulation  with  siRNA,  and  the  combination  (although  combination  therapy  was  not 
significantly  increased  compared  to  either  single-agent  treatment).  A  representative  section 
demonstrating  common  effects  on  nearly  all  cells  is  shown  (Figure  2B).  Because  a  long  comet 
tail  can  be  the  result  of  either  DNA  damage  without  death  or  apoptosis-associated  DNA  release, 
the  nucleus  size  was  also  quantified.  A  small  nucleus  would  be  associated  with  apoptosis, 
whereas  a  long  comet  tail  associated  with  a  normal  (larger)  nucleus  would  indicate  just  DNA 
damage.  As  shown  in  Figure  2C  for  cells  treated  for  24  hours,  those  cells  with  a  long  tail  present 
predominantly  still  had  a  large  nucleus.  Because  most  toxic  effects  on  viability  noted  previously 
were  assessed  at  48  hours  or  longer,  this  DNA  damage  may  be  a  precursor  to  apoptosis 
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induction.  But  it  does  demonstrate  that  DNA  damage  is  the  inciting  event,  rather  than  a  result  of 
apoptosis  triggered  by  other  mechanisms. 

To  further  characterize  the  specific  nature  of  DNA  damage,  development  of  foci  of 
activated  y-H2AX  was  performed  (Figure  2D).  ES2  cells  were  employed,  due  to  the  rapid 
toxicity  and  cell  death  noted  with  endoglin  downregulation  with  FIeyA8.  Phosphorylation  of  the 
histone  protein  H2AX  on  serine  139  (y-H2AX)  occurs  at  sites  flanking  DNA  DSBs.  The 
phosphorylation  of  thousands  of  H2AX  molecules  forms  a  focus  in  the  chromatin  flanking  the 
DSB  site  that  can  be  detected  in  situ.  A  higher  proportion  of  cells  with  persistent  y-FI2AX  foci 
was  noted  with  endoglin  downregulation,  to  an  even  greater  extent  than  cisplatin  alone.  The 
combination  of  cisplatin  and  endoglin  downregulation  induced  more  DSB  repair  than  either 
agent  alone.  Collectively,  these  data  suggest  that  a  primary  mechanism  of  DNA  damage  after 
endoglin  downregulation  is  through  induction  of  double-strand  breaks  in  DNA. 

Endoglin-targeting  DNA  damage  is  through  effects  on  multiple  mediators  of  DNA  repair. 

In  order  to  detennine  the  mechanism  by  which  downregulation  of  endoglin  induces  DNA 
damage,  we  first  subjected  both  ES2  and  HeyA8MDR  cells  treated  with  control  siRNA  or 
endoglin-siRNA  for  48  hours  to  a  qPCR-based  array  of  84  genes  participating  in  DNA  damage 
and  repair  pathways.  This  exploratory  analysis  found  multiple  genes  that  were  either 
downregulated  or  upregulated  in  response  to  decreased  endoglin,  some  of  which  were  only 
associated  with  changes  in  one  cell  line  (Supplemental  Table  1).  Select  genes  were  then  chosen 
for  confirmatory  assessment  with  qPCR  (Figure  3).  Genes  for  these  analyses  were  selected  based 
on  the  degree  to  which  they  were  altered,  the  associated  p-value,  and  whether  the  change  was 
noted  in  both  cell  lines.  With  endoglin  downregulation,  significant  concurrent  downregulation 
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was  noted  by  qPCR  in  H2AFX  (36-43%),  BARD1  (47-71%),  NBN  (38-41%),  NTHL1  (39- 
53%),  and  SIRT1  (34-49%).  A  significant  induction  of  mRNA  was  noted  in  DDIT3  (1.9-2.6- 
fold)  and  PPP1R15A  (1.27-1. 74-fold).  There  was  no  single  DNA  repair  pathway  subclass  that 
comprised  all  affected  genes,  but  consistent  with  data  from  the  y-H2AX  assay,  most  were 
participants  in  either  the  double  stranded  break  repair  (BARD  1 ,  H2 AFX,  NBN)  or  nucleotide 
excision  repair  (SIRT1,  NTHL1). 

The  downregulation  of  BARD  1  was  particularly  interesting.  BARD1  is  an  oncogenic 
regulator  of  BRCA1,  and  downregulation  would  be  expected  to  result  in  export  of  BRCA1  from 
the  nucleus  and  impairment  of  DNA  repair.  Furthermore,  BARD1  was  noted  to  be  significantly 
upregulated  in  chemoresistant  tumor  samples  from  patients,  compared  to  their  primary  tumors.11 
BARD  1  expression  is  prominent  in  ES2  and  HeyA8MDR,  which  follows  if  it  is  under 
transcriptional  regulation  by  endoglin.  Therefore,  we  examined  BARD1  induction  in  response  to 
platinum  treatment  in  a  progressively  platinum-resistant  triad  of  cell  lines  derived  from  A2780: 
A2780ip2  (which  generates  IP  tumors  more  consistently  than  the  parental  line  but  is 
chemosensitive),  A2780cp20  (having  a  platinum  IC50  of  20|iM),  and  A2780cp55  (with  an  IC50 
of  55|iM).  The  A2780cp20  and  cp55  lines  are  stably  platinum-resistant,  and  not  chronically 
maintained  in  platinum.  BARD1  expression  is  minimal  in  the  parental  A2780ip2  line,  but 
increases  at  baseline  (“Untreated”)  with  each  degree  of  platinum  resistance  (Figure  3B). 
Additionally,  when  exposed  to  an  IC50  concentration  of  carboplatin,  BARD1  mRNA  production 
is  significant  increased  in  both  A2780ip2  and  A2780cp20.  Levels  were  unchanged  with 
carboplatin  exposure  in  A2780cp55,  likely  due  to  its  high  baseline  expression.  A  significant 
reduction  in  BARD  1  with  endoglin  downregulation  and  an  induction  of  BARD  1  in  response  to 
platinum  exposure  strongly  implicate  this  gene  and  its  control  on  BRCA1  as  a  major  mechanism 
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through  which  endoglin  downregulation  may  lead  to  DNA  damage,  apoptosis,  and  sensitivity  to 
platinum. 

In  addition  to  enhanced  DNA  repair  mechanisms,  a  major  mechanism  of  platinum 
resistance  is  through  increased  export  of  platinum  agents  through  copper  transporters  such  as 
ATP7B.19  Therefore  we  also  examined  the  effects  of  endoglin  downregulation  on  ATP7B  by 
qPCR.  SiRNA-mediated  targeting  of  endoglin  resulted  in  a  significant  downregulation  of  ATP7B 
(by  20-24%,  p<0.05,  Figure  3C).  While  significant,  this  was  not  to  the  same  extent  many  DNA 
repair  genes  were  induced  or  activated. 

Evaluation  of  tumor  growth  with  anti-endoglin  treatment  in  an  orthotopic  murine  model. 

In  order  to  determine  if  endoglin  downregulation  was  an  effective  therapy  in  vivo,  an  orthotopic 
murine  model  was  utilized  using  human  specific  anti-endoglin  siRNA  delivered  within  a 
chitosan  nanoparticle.  Chitosan  (CH)  is  a  natural  nanoparticle  that  has  been  previously 
demonstrated  to  result  in  efficient  delivery  of  siRNA  to  tumor  after  IV  administration,  with 
subsequent  protein  downregulation  and  gene-specific  modulation.  ’  '  “  Because  the  siRNA 
delivered  is  specific  to  the  human  endoglin  mRNA,  any  observed  effect  would  be  expected  to  be 
due  to  targeting  the  tumor  cells,  rather  than  the  vasculature,  which  would  require  murine-specific 
siRNA.  ES2  and  HeyA8MDR  cells  were  injected  IP,  and  treatment  was  started  1  week  later  with 
a)  control  siRNA-CH  alone,  b)  control  siRNA-CH  plus  carboplatin,  c)  anti-endoglin  siRNA-CH 
alone,  or  d)  anti-endoglin  siRNA-CH  plus  carboplatin.  Carboplatin  was  used  instead  of  cisplatin 
because  of  its  preferable  side-effect  profile  in  vivo,  which  has  led  to  its  choice  as  standard  of  care 
in  ovarian  cancer  patients.  Tumors  demonstrated  reduced  growth  both  with  endoglin 
downregulation  alone  and  in  combination  with  platinum.  In  the  ES2  model  (Figure  4A),  mice 
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treated  with  carboplatin  had  similar  tumor  burden  to  control  (p=0.555),  an  expected  result  due  to 
the  highly  platinum-resistant  nature  of  the  ES2  cell  line,  which  is  derived  from  a  patient  with 
clear  cell  carcinoma.  Mice  treated  with  anti-endoglin  siRNA  alone  had  a  significantly  reduced 
tumor  weight,  by  35.6%  (p=0.014).  Combined  END-siRNA-CH  with  carboplatin  was  more 
effective  that  either  agent  alone,  with  a  57.7%  reduction  in  tumor  weight  compared  to  control 
(p<0.001).  Furthermore,  combination  therapy  was  more  effective  than  siRNA-endoglin-CH 
alone,  with  an  additional  34.3%  reduction  (p=0.033)  In  the  HeyA8MDR  model  (Figure  4B), 
mice  treated  with  carboplatin,  endoglin-siRNA-CH,  or  combination  therapy  had  significantly 
less  tumor  weight  when  compared  to  control  (34%  reduction  p=0.027,  41.2%  reduction  p=0.002, 
and  61.2%  reduction  p<0.01,  respectively).  Those  treated  with  carboplatin  and  control  siRNA- 
CH  had  similar  tumor  burden  reduction  as  those  treated  with  endoglin-siRNA-CH  (p=0.628). 
Combination  therapy  was  again  more  effective  than  either  single-agent  carboplatin  (additional 
40.6%  reduction,  p=0.069),  or  endoglin-siRNA  alone  (34%,  p=0.048).  In  the  resected  tumors, 
reduced  expression  of  endoglin  was  confirmed  with  immunohistochemistry,  in  both  groups  of 
tumors  treated  with  endoglin-siRNA-CH.  Representative  sections  are  pictured  (Figure  4C).  With 
both  models,  there  was  not  a  significant  difference  in  mouse  weight  in  any  group.  The 
distribution  of  tumor  was  also  similar  in  all  groups,  suggesting  there  was  not  a  significant  effect 
on  particular  site  of  growth,  adhesion,  or  migration. 

Endoglin  downregulation  induces  DNA  damage  and  apoptosis  in  vivo.  Our  in  vitro  findings 
suggest  a  role  of  DNA  damage  and  apoptosis  following  endoglin  downregulation.  To  validate 
these  findings  in  vivo,  tumors  from  each  treatment  group  described  above  were  examined  for 
proliferation,  apoptosis,  and  induction  of  DNA  damage.  PCNA  IHC  was  performed  and  revealed 
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no  significant  differences  in  percentage  of  PCNA  positive  cells,  with  approximately  half  of  cells 
being  positive  in  each  treatment  group  (Figure  5A).  A  lack  of  effect  on  progression  through  the 
cell  cycle  and  proliferation  may  explain  why  combination  with  taxanes  was  not  synergistic  with 
endoglin  downregulation  in  vitro.  TUNEL  assay  was  performed  to  evaluate  to  detect  differences 
in  apoptosis  between  treatment  groups.  Control,  carboplatin  and  anti-endoglin  siRNA  groups 
were  not  significantly  different.  However,  the  cohort  receiving  combination  therapy  had  a 
significantly  higher  percent  of  apoptotic  cells  when  compared  to  control  (p<.001,  Figure  5B). 
This  increase,  though  statistically  significant,  is  relatively  small,  which  may  be  due  to  clearance 
of  dead  cells  over  the  course  of  the  4-week  experiment.  To  determine  if  DNA  damage  was  still 
noted  in  the  tumors  collected  at  completion  of  therapy,  fluorescent  IHC  was  performed  to 
evaluate  for  y-H2AX  as  an  indicator  of  in  vivo  DSB.  A  significantly  higher  amount  of  DNA 
damage  was  detected  in  both  treatment  groups  receiving  anti-endoglin  treatment  than  either 
control  or  single-agent  carboplatin  treatment  (Figure  5C).  Additionally,  53BP1  is  a  mediator  of 
DNA  damage  response  and  a  tumor  suppressor  whose  accumulation  on  damaged  chromatin 
promotes  DNA  repair  and  enhances  DNA  damage  response  signaling.  A  significantly  higher 
number  of  53BP1  -positive  cells  was  noted  in  both  cohorts  that  received  anti-endoglin  treatment 
when  compared  to  either  control  or  single-agent  platinum  (Figure  5D).  These  data  are  consistent 
with  in  vitro  studies  demonstrating  that  endoglin  downregulation  alone  leads  to  DNA  damage 
and  apoptosis. 

Discussion 

Endoglin  is  overexpressed  in  solid  tumor  vasculature  and  is  a  reliable  marker  of 
angiogenesis.5  Multiple  anti-angiogenic  therapies  have  been  studied  in  ovarian  cancer,  and  anti- 
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endoglin  therapy  has  been  proposed  for  several  cancers  in  which  increased  endothelial  endoglin 
expression  has  been  noted.  However,  to  date,  few  studies  address  the  expression  of  endoglin 
on  tumor  cells  and  its  potential  role  in  cancer  progression.  Building  off  our  previous  findings  that 
Endoglin  is  increase  in  recurrent  samples  when  compared  to  matched  primary  tumors11,  we  have 
demonstrated  that  endoglin  expression  is  highly  expressed  in  many  ovarian  cancer  cell  lines,  and 
that  downregulation  results  in  induction  of  cell  death  through  induction  of  DNA  damage  and  a 
synergistic  killing  effect  with  platinum  agents  both  in  vitro  and  in  vivo.  These  novel  findings 
demonstrate  that  therapeutics  targeting  endoglin  may  affect  both  the  vasculature  and  malignant 
cells  within  the  tumor  microenvironment. 

The  primary  canonical  role  of  endoglin  is  as  a  co-receptor  for  TGF-beta. 24-26  As  such,  its 
expression  on  endothelial  cells  is  primarily  on  the  cell  membrane.  However,  we  interestingly 
found  endoglin  expression  in  ovarian  cancer  cells  was  predominantly  cytoplasmic,  and  clustered 
together  in  the  perinuclear  region  of  the  cell.  This  would  suggest  that  endoglin  either  has  a 
separate  TGF-beta-independent  function  dependent  on  nuclear  proximity,  or  trafficking  to  the 
cell  membrane  is  an  important  component  of  its  regulation.  Only  a  small  (5-6%),  but  well- 
defined  population  had  surface  expression.  This  distinct  population  would  be  consistent  with  a 
cancer  stem  cell-like  population,  as  has  been  previously  described  in  endoglin-positive  renal  cell 

1  o 

carcinoma  .  Endoglin-positive  meningioma  cells  have  similar  increased  tumorigenicity  and 

28 

capacity  to  differentiate  into  adipocytes  and  osteocytes. 

Henriksen  et  al.  evaluated  endoglin  expression  in  primary  ovarian  cancer  cells  and  found 
that  high  tumor  cell  endoglin  staining  correlated  with  short  overall  survival."  Another  group  has 
shown  that  cells  from  cultured  ascites  that  progressed  towards  a  mesenchymal  phenotype  were 
high  in  endoglin.  We  identified  endoglin  as  a  potential  target  for  therapeutics  through  a  screen 
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of  stem  cell  pathways  overexpressed  in  recurrent  ovarian  cancer  samples.  Among  members  of 
the  TGF-|3,  Notch,  Wnt,  and  Hedgehog  pathways,  endoglin  was  most  significantly  and 
consistently  overexpressed  in  recurrent  ovarian  cancer  samples  when  compared  to  their  matched 
primaries,  suggesting  a  role  in  chemoresistance. 1 1  We  specifically  examined  stem  cell  pathways 
to  address  the  question  of  whether  the  cancer  stem  cell  population  may  be  responsible  for 
surviving  initial  chemotherapy.  Endoglin  has  previously  been  implicated  in  stem  cell  biology, 
having  originally  been  described  on  hematopoietic  progenitor  cells  ,  and  later  demonstrated  to 
identify  precursor  cells  capable  of  tissue-specific  differentiation  '  . 

It  makes  sense  that  cells  with  prolonged  survival,  such  as  stem/progenitor  cells,  would 
reply  on  pathways  to  mediate  DNA  damage.  Because  of  the  association  noted  with  increased 
endoglin  expression  in  platinum  (and  taxane)-resistant  recurrent  ovarian  cancers,1 1  and  the 
contribution  of  enhanced  DNA  repair  for  platinum  resistance,19  we  further  examined  the 
contribution  of  endoglin  to  DNA  repair.  We  have  found  a  previously  unknown  contribution  of 
endoglin  to  expression  of  numerous  DNA  repair  genes.  These  encompass  several  subtypes  of 
DNA  repair,  predominantly  double  stranded  break  repair  (BARD  1 ,  H2 AFX,  NBN),  but  also 
nucleotide  excision  repair  (SIRT1,  NTHL1),  and  cell  cycle  arrest  (DDIT3,  PPP1R15A),  which 
may  be  a  reactionary  process  in  order  to  accomplish  DNA  repair.  Recently  BARD1  has  been 
implicated  in  ovarian  cancer  pathogenesis  for  its  interaction  with  BRCA1  and  2.  BARD1  and 
BRCA1  interact  with  each  other  through  their  amino  terminal  RING  finger  domains.  This 
interaction  is  required  for  BRCA1  stability,  as  well  as  for  nuclear  localization.  The  BRCA1- 
BARD 1  complex  serves  as  an  E3  ubiquitin  ligase,  which  has  been  noted  to  have  critical  activity 
in  both  the  cell  cycle  check  point  through  H2AX,  NPM  and  y-tubulin  and  in  DNA 
fragmentation.34'35  Additionally,  patients  with  mutations  of  both  BARD1  and  BRCA2  have  a 
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substantially  increased  risk  for  development  of  both  breast  and  ovarian  cancer.  While  BARD  1 
has  been  found  to  interact  and  co-localize  with  BRCA1  at  the  spindle  poles  in  early  mitosis,  it 
also  interacts  with  BRCA2  at  late  mitosis  in  the  midbody.  Therefore  BARD  1  has  been  found  to 
sequentially  link  the  function  of  these  two  proteins.  In  our  analysis,  BARD1  expression  was 
reduced  by  50-75%  and  H2AX  expression  was  reduced  35-50%  following  endoglin  knockdown, 
endoglin-mediated  downregulation  of  BARD  1  and  its  subsequent  effects  on  BRCA 1  and  2  and 
H2AX  may  therefore  explain  why  we  found  substantial  decreased  cell  viability,  DNA  damage 
and  increased  apoptosis.34 

Silent  Information  Regulator  Type  1  (SIRT1)  is  a  nicotinamide  adenine  dinucleotide- 
dependent  class  III  histone  deacetylase  (HD AC).  SIRT1  has  is  associated  with  longevity  and  has 
been  found  to  act  primarily  by  inhibiting  cellular  senescence.  SIRT 1  is  up-regulated  in  tumor  cell 
lines  and  human  tumors,  and  may  be  involved  in  tumorigenesis.  It  has  also  been  found  to  be 
over-expressed  in  chemoresistant  tumors  of  cancer  patients.  SIRT1  inhibition  leads  to  decrease 
in  MDR1  expression  and  increase  in  drug  sensitivity  in  ovarian  cancer  cell  lines.  Our  research 
suggests  that  Endogin  knockdown  was  associated  with  a  30-50%  reduction  in  SIRT1.  This 
inhibition  may  help  account  for  the  increased  platinum  sensitivity  we  found  with  endoglin 
downregulation. 

In  regards  to  therapeutic  development  in  cancer  patients,  delivery  of  siRNA  constructs 
has  the  potential  to  offer  long  duration  of  target  inhibition  as  well  as  reduced  toxicity  compared 
other  approaches.16,20’38'44  However,  development  of  a  delivery  modality  for  siRNA  constructs 
remains  the  rate-limiting  step  in  translational  research.  Early  delivery  modalities  included 
delivery  of  “naked”  siRNA.  Later  attempts  included  high-pressure  siRNA  injections  and 
intratumoral  injections,  neither  of  which  has  demonstrated  substantial  success.  The  development 
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of  chitosan  encapsulation  and  nanoliposomes  to  deliver  siRNA  has  become  widely  accepted  in 
translational  studies  and  is  and  promising  as  a  therapeutic  modality  as  modifications  to  enhance 
in  vivo  delivery  progress.'  SiRNA  mediated  therapeutics  are  being  used  in  ongoing  trials  with 
patients  with  macular  degeneration,  AIDS,  malignant  melanoma,  acute  renal  failure,  hepatitis  B, 
and  now  in  cancer  patients,  where  phase  I  trials  are  in  development.  One  particular  advantage  of 
siRNA-based  therapeutics  over  conventional  treatment  modalities  would  apply  to  endoglin-based 
targeting.  If  indeed  the  cytoplasmic  portion  of  endoglin  is  important  to  chemoresistance, 
downregulation  of  production  at  the  mRNA  level  may  be  more  effective  than  antibody-based 
targeting  currently  aimed  at  inhibiting  angiogenesis.45'46 

Because  of  the  rarity  of  endoglin  expression  in  normal  tissues,  anti-endoglin  therapy  has 
the  potential  to  offer  tumor-directed  therapy  in  addition  to  anti-angiogenic  therapy.  Anti- 
endoglin  therapy  is  being  explored  as  a  therapeutic  in  several  cancers  as  an  anti-angiogenic 
agent.  In  ovarian  cancer,  endoglin-targeted  therapies  may  offer  the  additional  advantage  of 
targeting  tumor  cells  overexpressing  endoglin,  including  platinum-resistant  tumors.  Its  effects  on 
BRCA1  and  2  and  H2AX  through  BARD1  downregulation,  and  its  association  with  SIRT1 
downregulation  contribute  to  DNA  damage  repair  and  enhancement  of  platinum  sensitivity.  Our 
data  strongly  suggest  that  endoglin-targeted  therapy  has  the  potential  to  improve  platinum 
sensitivity  through  induction  of  DNA  damage  and  should  be  actively  pursued  as  a  potential 
therapy  in  the  treatment  of  ovarian  cancer. 
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FIGURE  LEGENDS 


FIGURE  1 .  A)  Endoglin  expression  in  multiple  ovarian  cancer  cell  lines,  as  measured  by 
Western  blot.  B)  As  assessed  by  IHC,  endoglin  expression  is  predominantly  cytoplasmic,  though 
some  cells  with  strong  membranous  staining  are  noted  (arrows).  C)  A  small  but  distinct 
endoglin-positive  population  is  seen  by  flow  cytometry.  D)  Endoglin  was  effectively 
downregulated  with  siRNA.  By  TUNEL  assay,  Annexin  V/PI  co-fluorescence  demonstrate  a 
decrease  in  viable  cells,  and  an  increase  in  both  early  and  late  apoptosis,  both  alone  and  in 
combination  with  cisplatin.  E)  Cells  treated  with  increasing  doses  of  cisplatin  after  endoglin 
downregulation  were  also  assessed  by  MTT,  with  the  OD570  reflecting  the  absorbance  produced 
by  viable  cells.  Endoglin  downregulation  resulted  in  a  significant  reduction  in  cell  viability,  and 
increased  cisplatin  chemosensitivity  about  4-fold  in  ES2  model  and  2-fold  in  HeyA8MDR.  Lines 
denoting  the  calculated  IC50  for  control  and  endoglin-siRNA  treatment  are  shown  (grey  lines). 

FIGURE  2.  ES2  cells  were  evaluated  for  DNA  damage  after  endoglin  targeting.  SiRNA- 
mediated  endoglin  downregulation  induces  significant  persistent  DNA  damage,  as  indicated  by 
alkaline  comet  assay  mean  tail  moment  (A),  and  visually  at  24  hours  (B,  Original  magnification, 
x  100).  This  is  not  a  result  of  immediate  apoptosis,  as  demonstrated  by  a  predominance  of  large 
nuclei  despite  a  prominent  comet  tail  (C).  Downregulation  also  induces  activation  of  y-H2AX 
foci,  a  specific  measure  of  double-stranded  DNA  damage  (D).  The  combination  of  endoglin 
downregulation  and  cisplatin  on  induction  of  y-H2AX  foci  was  greater  than  either  agent  alone. 
Error  bars  represent  SEM. 
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FIGURE  3.  A)  ES2  and  HeyA8MDR  cells  were  exposed  to  endoglin-targeting  siRNA  or  control 
siRNA,  mRNA  extracted  48  hours  later,  and  subjected  to  quantitative  PCR  for  selected  genes. 
Each  collection  was  performed  in  triplicate,  and  the  mean  change  over  housekeeping  gene 
presented.  Significant  decreases  were  noted  in  H2AFX,  BARD1,  NBN,  NTHL1,  and  SIRT1. 
Induction  of  DDIT3  and  PPP1R15A  was  also  significant.  B)  BARD1  mRNA  was  assessed  by 
qPCR  in  a  triad  of  progressively  platinum-resistant  A780  cell  lines,  and  noted  to  be  significantly 
increased  in  A2780cp55  at  baseline,  and  in  A2780ip2  and  A2780cp20  with  exposure  to 
carboplatin.  C)  The  copper  transporter  ATP7B  was  also  modestly,  but  significantly,  reduced  with 
endoglin  downregulation. 

FIGURE  4.  An  orthotopic  murine  model  using  ES2  and  HeyA8MDR  cell  lines  was  employed  to 
evaluate  treatment  with  control  siRNA-CH  alone,  control  siRNA-CH  with  carboplatin,  anti- 
endoglin  siRNA-CH  alone,  or  anti-endoglin  siRNA-CH  plus  carboplatin.  A)  In  the  ES2  model, 
carboplatin  was  ineffective,  as  expected  given  the  platinum-resistant  nature  of  the  ES2  cell  line. 
Mice  treated  with  anti-endoglin  siRNA-CH  alone  and  combined  with  carboplatin  demonstrated 
less  tumor  burden  when  compared  to  control  or  carboplatin  alone.  Those  treated  with  both  anti- 
endoglin  siRNA-CH  and  carboplatin  also  demonstrated  reduced  tumor  burden  when  compared  to 
those  endoglin-siRNA-CH  alone  (p=0.03).  B)  In  the  HeyA8MDR  model,  tumors  were  smaller  in 
mice  treated  with  carboplatin  or  anti-endoglin  siRNA-CH  alone,  and  again  combination  therapy 
was  more  effective  than  either  agent  alone  (p<0.05).  C)  By  qualitative  assessment  with  IHC, 
endoglin  expression  was  reduced  in  the  tumors  treated  with  endoglin-siRNA-CH  therapy. 
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FIGURE  5.  Tumors  from  each  treatment  group  in  our  orthotopic  mouse  model  were  collected 
and  analyzed  by  PCNA  immunohistochemistry,  TUNEL  assay,  y-H2AX  IHC  and  53BP1  IHC. 
A)  There  were  no  significant  differences  in  PCNA  IHC,  with  approximately  half  of  cells  being 
positive.  B)  There  was  a  significant  increase  in  apoptosis  in  the  cohort  receiving  combination 
therapy  when  compared  to  control  as  demonstrated  by  TUNEL  assay.  C)  Fluorescent  IHC  was 
performed  to  evaluate  for  y-H2AX  as  an  indicator  of  DNA  damage.  There  was  a  significantly 
higher  amount  of  DNA  damage  in  both  treatment  groups  receiving  anti-endoglin  treatment  when 
compared  to  control  or  single-agent  carboplatin.  D)  Lastly,  53BP1  is  a  key  protein  in  the  DNA 
damage  checkpoint  that  was  evaluated  by  IHC.  A  significantly  higher  amount  of  53BP1  was 
noted  in  both  cohorts  that  received  anti-endoglin  treatment  when  compared  to  either  control  or 
single-agent  carboplatin. 
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Abstract 

The  hedgehog  (HH)  pathway  has  been  implicated  in  the  formation  and  maintenance  of  a  variety  of 
malignancies,  including  ovarian  cancer;  however,  it  is  unknown  whether  HH  signaling  is  involved  in  ovarian 
cancer  chemoresistance.  The  goal  of  this  study  was  to  determine  the  effects  of  antagonizing  the  HH  receptor, 
Smoothened  (Smo),  on  chemotherapy  response  in  ovarian  cancer.  Expression  of  HH  pathway  members  was 
assessed  in  three  pairs  of  parental  and  chemotherapy-resistant  ovarian  cancer  cell  lines  (A2780ip2/ A2780cp20, 
SKOV3ipl  /SKOV3TRip2,  HeyA8/HeyA8MDR)  using  quantitative  PCR  and  Western  blot  analysis.  Cell  lines 
were  exposed  to  increasing  concentrations  of  two  different  Smo  antagonists  (cyclopamine,  LDE225)  alone  and 
in  combination  with  carboplatin  or  paclitaxel.  Selective  knockdown  of  Smo,  Glil,  or  Gli2  was  achieved  using 
siRNA  constructs.  Cell  viability  was  assessed  by  MTT  assay.  A2780cp20  and  SKOV3TRip2  orthotopic 
xenografts  were  treated  with  vehicle,  LDE225,  paclitaxel,  or  combination  therapy.  Chemoresistant  cell  lines 
showed  higher  expression  (>2-fold,  P  <  0.05)  of  HH  signaling  components  compared  with  their  respective 
parental  lines.  Smo  antagonists  sensitized  chemotherapy-resistant  cell  lines  to  paclitaxel,  but  not  to  carboplatin. 
LDE225  treatment  also  increased  sensitivity  of  ALDH-positive  cells  to  paclitaxel.  A2780cp20  and  SKOV3TRip2 
xenografts  treated  with  combined  LDE225  and  paclitaxel  had  significantly  less  tumor  burden  than  those 
treated  with  vehicle  or  either  agent  alone.  Increased  taxane  sensitivity  seems  to  be  mediated  by  a  decrease 
in  P-glycoprotein  (MDR1)  expression.  Selective  knockdown  of  Smo,  Glil,  or  Gli2  all  increased  taxane 
sensitivity.  Smo  antagonists  reverse  taxane  resistance  in  chemoresistant  ovarian  cancer  models, 
suggesting  combined  anti-HH  and  chemotherapies  could  provide  a  useful  therapeutic  strategy  for  ovarian 
cancer.  Mol  Cancer  Ther ;  1-11.  ©2012  AACR. 


Introduction 

Ovarian  cancer  is  the  leading  cause  of  death  from  a 
gynecologic  malignancy.  Although  ovarian  cancer  is 
among  the  most  chemosensitive  malignancies  at  the 
time  of  initial  treatment  (surgery  and  taxane /plati¬ 
num-based  chemotherapy),  most  patients  will  develop 
tumor  recurrence  and  succumb  to  chemoresistant  dis¬ 
ease  (1).  Evaluation  of  multiple  chemotherapy  agents  in 
several  combinations  in  the  last  20  years  has  yielded 
modest  improvements  in  progression-free  survival,  but 
no  increase  in  durable  cures.  This  clinical  course  sug¬ 
gests  that  a  population  of  tumor  cells  has  either  inherent 
or  acquired  resistance  to  chemotherapy  that  allows 
survival  with  initial  therapy  and  ultimately  leads  to 
recurrence.  Targeting  the  cellular  pathways  involved 
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in  this  resistance  may  provide  new  treatment  modalities 
for  ovarian  cancer. 

The  Hedgehog  (HH)  pathway  plays  an  important  role 
in  cell  growth  and  differentiation  during  embryonic 
development  (2).  There  are  3  known  mammalian  HH 
ligands — Sonic,  Indian,  and  Desert.  These  ligands  are 
secreted  peptides  that  bind  to  the  transmembrane  Patched 
(Ptch)  receptor.  In  the  absence  of  HH  ligand,  Ptch  serves  as 
a  negative  regulator  of  Smoothened  (Smo),  a  G-protein- 
coupled  receptor.  In  the  presence  of  HH  ligand,  Ptch 
repression  of  Smo  is  abolished,  leading  to  downstream 
activation  of  the  Gli  family  of  transcription  factors  (Glil, 
refs.  2,  3).  Gli  transcription  factors  translocate  from  the 
cytoplasm  to  the  nucleus,  where  they  bind  DNA  and 
activate  transcription  of  HH  target  genes,  including 
PTCH1  and  GUI,  the  expression  of  which  are  frequently 
measured  to  evaluate  the  presence  or  absence  of  HH 
pathway  activity  (3,  4).  Gli  homologues  have  distinct,  but 
overlapping  functions;  Glil  serves  only  as  a  transcription¬ 
al  activator,  whereas  Gli2  and  Gli3  are  capable  of  both 
activating  and  repressing  HH  gene  transcription. 

Recent  reports  have  implicated  HH  signaling  in  mul¬ 
tiple  malignancies  (5,  6),  including  ovarian  cancer  (7-9), 
and  suggest  this  pathway  may  be  especially  important  in 
maintaining  the  subpopulation  of  cancer  cells  with  stem 
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cell  properties  (10,  11)  as  well  as  conferring  resistance  to 
chemotherapies  (12,  13).  Inhibition  of  the  HH  signaling 
pathway,  therefore,  has  become  a  desirable  therapeutic 
strategy  for  the  treatment  of  various  cancers.  Cyclopa- 
mine,  a  steroidal  alkaloid  derived  from  the  lily  plant 
Veratrum  californicum,  was  the  first  compound  identified 
that  inactivates  HH  signaling  by  antagonizing  Smo  func¬ 
tion  (14-16).  Since  this  discovery,  pharmaceutical  compa¬ 
nies  have  synthesized  more  selective  Smo  antagonists, 
including  NVP-LDE225  (17),  which  is  currently  being 
investigated  in  clinical  trials  (11). 

The  effects  of  Smo  antagonists,  both  alone  and  in  com¬ 
bination  with  chemotherapies,  remains  an  active  area  of 
study  in  cancer  research.  Examination  of  combination 
effects  is  potentially  important,  given  the  hypothesized 
role  of  stem  cell  pathways  in  chemoresistance.  However, 
the  mechanisms  by  which  HH  inhibition  might  sensitize 
cells  to  chemotherapy,  and  whether  such  an  approach 
would  be  effective  in  ovarian  cancer,  are  not  known.  In  our 
study,  we  sought  to  determine  the  effects  of  Smo  antago¬ 
nists  on  the  viability  of  ovarian  cancer  cells,  both  alone  and 
in  combination  with  chemotherapy.  We  show  that  Smo 
antagonists  have  activity  alone,  but  more  dramatically  can 
reverse  taxane  resistance  in  ovarian  cancer,  both  in  vitro 
and  in  vivo,  through  modulation  of  the  multidrug  resis¬ 
tance  mediator,  P-glycoprotein  (MDR1).  These  findings 
provide  new  insight  into  HH  signaling,  its  contribution  to 
an  aggressive  subpopulation  of  cells,  and  new  opportu¬ 
nities  for  clinical  development. 

Materials  and  Methods 

Reagents  and  cell  culture 

Cyclopamine  was  purchased  from  Toronto  Research 
Chemicals  and  dissolved  in  95%  ethanol  to  create  a  10 
mmol/L  stock  solution.  NVP-LDE225  (LDE225)  was 
kindly  provided  by  Novartis  Pharma  AG  and  dissolved 
in  dimethyl  sulfoxide  (DMSO)  to  create  a  10  mmol/L 
stock  solution.  The  ovarian  cancer  cell  lines  A2780ip2, 
A2780cp20,  HeyA8,  HeyA8MDR,  SKOV3ipl,  and 
SKOV3TRip2  (18-23)  were  maintained  in  RPMI-1640 
medium  supplemented  with  10%  FBS  (Hyclone). 
A2780cp20  (platinum-  and  taxane-resistant),  HeyA8MDR 
(taxane-resistant),  and  SKOV3TRip2  (taxane-resistant,  a 
kind  gift  of  Dr  Michael  Seiden;  ref.  24)  were  generated  by 
sequential  exposure  to  increasing  concentrations  of  che¬ 
motherapy  (25).  HeyA8MDR  and  SKOV3TRip2  were 
maintained  with  the  addition  of  150  ng/ mL  of  paclitaxel. 
All  cell  lines  were  routinely  screened  for  Mycoplasma 
species  (GenProbe  detection  kit;  Fisher)  with  experiments 
done  at  70%  to  80%  confluent  cultures.  Purity  of  cell  lines 
was  confirmed  with  STR  genomic  analysis,  and  only  cells 
less  than  20  passages  from  stocks  were  used  in 
experiments. 

RNA  extraction  and  reverse  transcription 

Total  RNA  was  isolated  from  ovarian  cancer  cell  lines 
using  TRIzol  reagent  (Invitrogen)  per  manufacturer's 


instructions.  RNA  was  then  DNase  treated  and  purified 
using  the  RNeasy  Mini  Kit  (QIAGEN).  RNA  was  eluted  in 
50  pL  of  RNase-free  water  and  stored  at  — 80°C.  The 
concentration  of  all  RNA  samples  was  quantified  by 
spectrophotometric  absorbance  at  260/280  nm  using  an 
Eppendorf  BioPhotometer  plus.  Before  cDNA  synthesis, 
all  RNA  samples  were  diluted  to  20  ng/ |iL  using  RNase- 
free  water.  cDNA  was  prepared  using  the  High  Capacity 
cDNA  Reverse  Transcription  Kit  (Applied  Biosystems). 
The  resulting  cDNA  samples  were  analyzed  using  quan¬ 
titative  PCR  (qPCR). 

Quantitative  PCR 

Primer  and  probe  sets  for  Desert  HH  (Hs0036806_ml), 
GUI  (HsOOl 71 790_ml ),  GLI2  (Hs00257977_ml),  Indian 
HH  (Hs00745531_sl),  MDR1  (Hs00184500_ml),  PTCH1 
(HsOOl 81 1 1 7_ml ),  SMO  (HsOOl 70665_ml),  Sonic  HH 
(Hs),  and  RPLP0  (Hs99999902_ml;  housekeeping  gene) 
were  obtained  from  Applied  Biosystems  and  used  accord¬ 
ing  to  manufacturer's  instructions.  PCR  amplification  was 
conducted  on  an  ABI  Prism  7900HT  sequence  detection 
system  and  gene  expression  was  calculated  using  the 
comparative  CT  method  as  previously  described  (26). 
Briefly,  this  technique  uses  the  formula  2~AACT  to  calculate 
the  expression  of  target  genes  normalized  to  a  calibrator. 
The  cycling  threshold  (CT)  indicates  the  cycle  number  at 
which  the  amount  of  amplified  target  reaches  a  fixed 
threshold.  Ct  values  range  from  0  to  40  (the  latter  repre¬ 
senting  the  default  upper  limit  PCR  cycle  number  that 
defines  failure  to  detect  a  signal). 

Western  blot  analysis 

Cultured  cell  lysates  were  collected  in  modified  radio- 
immunoprecipitation  assay  lysis  buffer  with  protease 
inhibitor  cocktail  (Roche)  and  subjected  to  immunoblot 
analysis  by  standard  techniques  (25)  using  anti-Glil  anti¬ 
body  (Cell  Signaling  Technology)  at  1:1,000  dilution  over¬ 
night  at  4°C,  anti-Smo  antibody  (LifeSpan  Biosciences)  at 
1:1,000  dilution  overnight  at  4°C,  or  anti-p-actin  antibody 
(AC-15,  Sigma-Aldrich)  at  1:20,000  dilution  for  1  hour  at 
room  temperature  (RT),  which  was  used  to  monitor  equal 
sample  loading.  After  washing,  blots  were  incubated  with 
goat  anti-rabbit  (for  Glil  and  Smo)  or  goat  anti-mouse  (for 
P-actin)  secondary  antibodies  (Bio-Rad)  conjugated  with 
horseradish  peroxidase.  Visualization  was  done  by  the 
enhanced  chemiluminescence  method  (Pierce  Thermo 
Scientific). 

siRNA  transfection 

To  examine  downregulation  of  Smo,  Glil,  or  Gli2  indi¬ 
vidually  with  siRNA,  cells  were  exposed  to  control  siRNA 
(target  sequence:  5'-UUCUCCGAACGUGUCACGU-3', 
Sigma-Aldrich),  one  of  2  tested  Smo-targeting  constructs 
(siRNAl :  5'-GAGGAGUCAUGACUCUGUUCUCCAU- 
3'  or  siRNA2:  5'-UGACCUCAAUGAGCCCUCAGCU- 
GAU-3';  Invitrogen),  one  of  2  tested  Glil -targeting 
constructs  (siRNAl:  5'-CUACUGAUACUCUGGGAUA- 
3'  or  siRNA2:  5'-GCAAAUAGGGCUUCACAUA-3'; 
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Sigma-Aldrich),  or  one  of  2  tested  Gli2-targeting  con¬ 
structs  (siRNAl:  5'-GACAUGAGCUCCAUGCUCA-3'  or 
siRNA2:  5'-CGAUUGACAUGCGACACCA-3';  Sigma- 
Aldrich)  at  a  1:3  siRNA  (|rg)  to  Lipofectamine  2000  (|iL) 
ratio.  Lipofectamine  and  siRNA  were  incubated  for  20 
minutes  at  RT,  added  to  cells  in  serum-free  RPMI  to 
incubate  for  up  to  8  hours,  followed  by  10%  FBS/RMPI 
thereafter.  Transfected  cells  were  grown  at  37°C  for  48  to 
72  hours  and  then  harvested  for  qPCR  or  Western  blot 
analysis. 

Assessment  of  cell  viability  and  cell-cycle  analysis 

To  a  96-well  plate,  2,000  cells/ well  were  exposed  to 
increasing  concentrations  of  cyclopamine  or  LDE225, 
alone  or  in  combination  with  carboplatin  or  paclitaxel,  in 
triplicate.  Viability  was  assessed  with  0.15%  MTT  (Sigma- 
Aldrich).  For  effects  of  siRNA-mediated  downregulation 
on  paclitaxel  IC5o,  cells  were  first  transfected  with  siRNA 
(5  |ig)  for  24  hours  in  6-well  plates,  then  trypsinized  and 
replated  at  2,000  cells  per  well,  followed  by  addition  of 
chemotherapy  after  attachment.  IC50  of  the  agent  of  inter¬ 
est  was  determined  by  finding  the  dose  at  which  the  drug 
had  50%  of  its  effect,  calculated  by  the  equation 
[(OD450Max  —  OD450Min)/2)  +  OD450min]*  cell- 
cycle  analysis,  cells  were  treated  with  vehicle  alone,  pac¬ 
litaxel  alone,  LDE225  alone,  or  combined  LDE225  and 
paclitaxel  for  72  hours,  trypsinized,  and  fixed  in  100% 
ethanol  overnight.  Cells  were  then  centrifuged,  washed  in 
PBS,  and  resuspended  in  PBS  containing  0.1%  Triton  X- 
100  (v/v),  200  |ig/ mL  DNase-free  RNase  A,  and  20  pg/ mL 
propidium  iodide  (PI).  PI  fluorescence  was  assessed  by 
flow  cytometry  and  the  percentage  of  cells  in  sub-G0,  G0- 
Gi,  S-,  and  G2-M  phases  was  calculated  by  the  cell-cycle 
analysis  module  for  Flow  Cytometry  Analysis  Software 
(Flowjo  v.7.6.1). 

ALDEFLUOR  assay 

Active  aldehyde  dehydrogenase  (ALDH)  was  identi¬ 
fied  with  the  ALDEFLUOR  assay  according  to  manufac¬ 
turer's  instructions  (StemCell  Technologies).  The  ALDH- 
positive  population  was  defined  by  cells  with  increased 
FITC  signal  absent  in  DEAB-treated  cells,  as  previously 
described  (27).  ALDEFLUOR-positive  and  -negative 
populations  from  SKOV3Trip2  cells  were  sorted  with  a 
FACS  Aria  II  flow  cytometer  (BD  Biosciences),  and  col¬ 
lected  cells  were  seeded  onto  a  96-well  plate  at  a  concen¬ 
tration  of  2,000  cells/well.  After  overnight  attachment, 
cells  were  then  exposed  to  either  DMSO  or  5  pmol/L 
LDE225,  alone  or  in  combination  with  increasing  concen¬ 
trations  of  paclitaxel.  Viability  was  assessed  with  0.15% 
MTT  (Sigma-Aldrich). 

Orthotopic  ovarian  cancer  model 

For  orthotopic  therapy  experiments  using  ovarian  can¬ 
cer  cell  lines,  female  athymic  nude  mice  (NCr-nu)  were 
purchased  from  the  National  Cancer  Institute  (Frederick, 
MD,  USA)  after  Institution  Animal  Care  and  Use  Com¬ 
mittee  approval  of  protocols,  and  cared  for  in  accordance 


with  guidelines  of  the  American  Association  for  Accred¬ 
itation  of  Laboratory  Animal  Care.  For  all  in  vivo  experi¬ 
ments,  trypsinized  cells  were  resuspended  in  10%  FBS- 
containing  RPMI,  washed  with  PBS,  and  suspended  in 
serum-free  HBSS  at  a  concentration  of  5  x  106  cells  /  mL, 
and  1  x  106  cells  (A2780cp20  or  SKOV3TRip2)  were 
injected  IP  in  200  pL  into  40  mice  per  experiment.  After 
1  week,  mice  (n  =  10  per  group)  were  randomized  to 
treatment  with  (a)  vehicle  alone  (0.5%  methyl  cellulose/ 
0.5%  Tween  80  in  sterile  water),  (b)  vehicle  plus  paclitaxel 
75  pg,  (c)  LDE225  alone  (60  mg/kg),  or  (d)  combined 
LDE225  and  paclitaxel.  Vehicle  and  LDE225  were  admin¬ 
istered  by  gavage  once  daily  and  paclitaxel  was  admin¬ 
istered  i.p.  weekly.  Mice  were  treated  for  4  weeks 
(A2780cp20)  or  6  weeks  (SKOV3TRip2,  which  grow  more 
slowly)  before  sacrifice  and  tumor  collection.  All  tumors 
were  excised  and  weighed  in  total. 

Statistical  analysis 

Comparisons  of  gene  expression,  cell  viability,  PI  fluo¬ 
rescence,  and  mean  tumor  weight  were  analyzed  using  a 
2-tailed  Student  t  test,  if  assumptions  of  data  normality 
were  met.  Those  represented  by  alternate  distribution 
were  examined  using  a  nonparametric  Mann-Whitney 
U  test.  Differences  between  groups  were  considered  sta¬ 
tistically  significant  at  P  <  0.05.  Error  bars  represent  stan¬ 
dard  deviation  unless  otherwise  stated.  Number  of  mice 
per  group  (n  =  10)  was  chosen  as  directed  by  a  power 
analysis  to  detect  a  50%  decrease  in  tumor  growth  with  /S 
error  of  0.2. 

Results 

Expression  of  HH  pathway  members  in 
chemosensitive  and  chemoresistant  ovarian  cancer 
cell  lines 

We  first  examined  mRNA  expression  of  HH  ligands 
[Sonic  ( SHH ),  Indian  (1HH),  Desert  (DfJJT)],  receptors 
( PTCH1 ,  SMO),  and  transcription  factors  {GUI,  GLI2)  in 
3  pairs  of  parental  and  chemoresistant  ovarian  cancer  cell 
lines:  A2780ip2/A2780cp20  (20-fold  increased  cisplatin 
resistance  and  10-fold  increased  taxane  resistance), 
HeyA8/HeyA8MDR  (500-fold  taxane  resistant),  and 
SKOV3ipl/SKOV3TRip2  (1000-fold  taxane  resistant).  As 
shown  in  Fig.  1  A,  mRNA  levels  of  SHH  were  significantly 
higher  in  A2780cp20  (17.4-fold,  P  <  0.05)  and  SKOV3- 
TRip2  (2.4-fold,  P  <  0.05)  cells  compared  with  parental. 
IHH  was  also  higher  (3.5-fold,  P  <  0.05)  in  SKOV3TRip2 
cells  with  DHH  expression  remaining  unchanged  or 
decreased  in  chemoresistant  cell  lines  compared  with 
parental.  mRNA  levels  of  PTCH1  were  significantly 
higher  (2.1-fold,  P  <  0.05)  in  SKOV3TRip2  compared  with 
parental  SKOV3ipl  cells;  however,  no  significant  changes 
in  SMO  expression  were  observed  between  chemoresis¬ 
tant  and  chemosensitive  cell  lines  (Fig.  IB).  Protein 
expression  of  Smo  was  confirmed  in  all  cell  lines  tested 
and  did  not  always  correlate  with  expression  at  the  mRNA 
level  (Fig.  1C).  GL11  mRNA  expression  was  significantly 
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Figure  1.  Expression  of  HH 
signaling  components  in 
chemosensitive  and 
chemoresistant  ovarian  cancer  cell 
lines.  Gene  expression  was 
calculated  relative  to  the  sample/ 
cell  line  with  the  highest  expression 
of  a  particular  gene.  A,  mRNA 
expression  of  HH  ligands,  Sonic 
(SHH),  Indian  (IHH),  and  Desert 
( DHH ).  B,  mRNA  expression  of  HH 
receptors,  PTCH1  and  SMO.  C, 
protein  expression  of  Smo  was 
also  measured  using  Western  blot 
analysis.  (S-Actin  was  used  as  a 
loading  control.  D,  mRNA 
expression  of  HH  transcription 
factors,  GUI  and  GLI2.  Data  are 
representative  of  3  independent 
experiments.  *,  P<  0.05,  compared 
with  parental  chemosensitive  cell 
line. 


higher  (2.0-fold,  P  <  0.05)  in  A2780cp20  compared  with 
parental  A2780ip2  cells  and  GLI2  mRNA  expression  was 
significantly  higher  (4.1-fold,  P  <  0.05)  in  HeyA8MDR 
compared  with  parental  HeyA8  cells,  although  at  very 
low  levels  in  both  (Fig.  ID).  These  results  show  that  HH 
signaling  is  often  higher  in  chemoresistant  matched  ovar¬ 
ian  cancer  cell  lines. 

Smo  antagonists  diminish  cell  viability  and  HH  gene 
expression  in  ovarian  cancer  cell  lines 

Having  observed  Smo  expression  (both  mRNA  and 
protein)  in  both  chemosensitive  and  chemoresistant  ovar¬ 
ian  cancer  cell  lines,  we  next  examined  response  to  the 
Smo  antagonists  cyclopamine  and  LDE225  among  these 
cell  lines.  The  chemical  structure  of  LDE225  is  shown 
in  Fig.  2A.  As  shown  in  Table  1,  cyclopamine  IC50s  varied 
from  7.5  pmol/L  (A2780ip2)  to  19  pmol/L  (SKOV3TRip2) 
and  LDE225 IC50S  varied  from  7.5  pmol/L  (A2780cp20)  to 
24  pmol/L  (SKOV3ipl).  Interestingly,  chemoresistant  cell 
lines  were  more  sensitive  (up  to  2.25-fold,  P  <  0.05)  to 
LDE225  compared  with  their  chemosensitive  counter¬ 
parts.  Chemoresistant  cell  lines  were  also  more  sensitive 
to  LDE225  than  cyclopamine.  To  confirm  that  decreased 
cell  viability  was  associated  with  diminished  HH  path¬ 
way  activity,  A2780cp20  cells  were  exposed  to  increasing 
concentrations  of  LDE225  (1,  5,  and  10  pmol/L)  for  72 
hours  and  gene  expression  of  HH  target  genes  PTCH1, 
GUI,  and  GLI2  was  analyzed  by  qPCR.  A  dose-dependent 


decrease  in  the  expression  of  all  3  genes  was  observed 
with  a  maximum  reduction  of  39%,  43%,  and  32% 
(P  <  0.05),  respectively,  after  exposure  to  10  pmol/L 
LDE225  (Fig.  2B).  Protein  expression  of  the  HH  tran¬ 
scriptional  activator  Glil  was  also  reduced  in  a  dose- 
dependent  manner  after  LDE225  treatment  (Fig.  2C). 
Taken  together,  these  data  show  the  efficacy  and  HH- 
specific  activity  of  LDE225  in  multiple  chemoresistant 
cell  lines. 

Smo  antagonism  reverses  taxane  resistance  in 
chemoresistant  ovarian  cancer  cell  lines  both  in  vitro 
and  in  vivo 

Having  observed  increased  expression  of  HH  signaling 
components  and  response  to  Smo  antagonists  in  chemore¬ 
sistant  ovarian  cancer  cell  lines,  we  sought  to  determine 
whether  targeting  the  HH  pathway  could  increase  sensi¬ 
tivity  to  carboplatin  and  paclitaxel,  chemotherapy  agents 
most  commonly  used  in  the  treatment  of  ovarian  cancer. 
Neither  cyclopamine  nor  LDE225  affected  response  to 
carboplatin  among  the  chemoresistant  cell  lines  examined 
(data  not  shown).  However,  as  shown  in  Table  1,  both 
Smo  antagonists  significantly  increased  the  sensitivity  of 
all  3  chemoresistant  cell  lines  to  paclitaxel  (by  up  to  27- 
and  20-fold,  respectively;  P  <  0.05).  Increased  sensitivity 
to  paclitaxel  after  combination  with  cyclopamine  or 
LDE225  even  occurred  at  low  doses  that  were  not  effective 
alone  (5  pmol/L  cyclopamine.  Fig.  3A  and  1  pmol/L 
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Figure  2.  LDE225  reduces  HH 
pathway  activity  in  chemoresistant 
ovarian  cancer  cells.  A,  chemical 
structures  of  NVP-LDE225  and 
paclitaxel.  B,  gene  expression  of 
PTCH1,  GUI,  and  GLI2  was 
examined  in  A2780cp20  cells  after 
exposure  to  increasing 
concentrations  of  LDE225  using 
qPCR.  *,  P  <  0.05,  compared  with 
DMSO  vehicle  control.  C,  protein 
expression  of  Glil  in  A2780cp20 
cells  after  exposure  to  increasing 
concentrations  of  LDE225  was 
measured  using  Western  blot 
analysis  to  confirm  mRNA  results. 
p-Actin  was  used  as  a  loading 
control.  Data  are  representative  of  3 
independent  experiments. 
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LDE225,  Fig.  3B).  To  determine  the  mechanism  by  which 
Smo  antagonism  combined  with  paclitaxel  affects  cell 
growth,  we  carried  out  cell-cycle  analysis  on  A2780cp20 
cells  that  were  treated  with  DMSO  alone  (vehicle  control), 
paclitaxel  alone  (30  nmol/L),  LDE225  alone  (5  (tmol/L),  or 


combined  paclitaxel  and  LDE225  for  72  hours.  As  shown 
in  Fig.  3C,  combination  treatment  resulted  in  a  greater 
accumulation  of  cells  in  the  sub-G0/  apoptotic,  S-,  and  G2- 
M  phases  compared  with  control  or  either  treatment 
alone.  These  data  suggest  that  LDE225  enhances  cell-cycle 


Table  1.  Ovarian  cancer  cell  line  response  to  Smo  antagonists,  alone  and  in  combination  with  paclitaxel 


Mean  IC50,  pmol/L 

Mean  paclitaxel  IC50,  nmol/L 

Cell  line 

Cyclopamine 

LDE225 

Control 

w/Cyclopamine  (5  umol/L) 

W/LDE225  (5  umol/L)  P 

A2780ip2 

7.5 

12 

4 

1.5 

2.6 

NS 

A2780cp20 

10 

7.5 

30 

1.3 

1.5 

<0.05 

SKOV3ip1 

14 

24 

6 

3 

5.5 

NS 

SKOV3TRip2 

19 

12 

400 

15 

120 

<0.05 

HeyA8 

12 

18 

7 

4.2 

6.5 

NS 

HeyA8MDR 

13 

8 

650 

50 

115 

<0.05 

Abbreviation:  NS,  not  significant. 
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Figure  3.  Smo  antagonism  reverses  taxane  resistance  in  chemoresistant  ovarian  cancer  cell  lines  both  in  vitro  and  in  vivo.  A,  A2780cp20  cells  were  exposed  to 
either  95%  ethanol  (EtOH,  vehicle  control)  or  cyclopamine  (5  pmol/L)  in  combination  with  increasing  concentrations  of  paclitaxel.  Cell  viability  was 
determined  by  MTT  assay.  B,  A2780cp20  cells  were  exposed  to  either  DMSO  (vehicle  control)  or  LDE225  (1  and  5  (imol/L)  in  combination  with  increasing 
concentrations  of  paclitaxel.  Cell  viability  was  determined  by  MTT  assay.  C,  cell-cycle  analysis  was  conducted  on  A2780cp20  cells  treated  with  DMSO  alone, 
paclitaxel  alone,  LDE225  alone,  or  combined  paclitaxel  and  LDE225  using  propidium  iodide  (PI)  staining.  Representative  histograms  of  DMSO-  and 
combination-treated  cells  are  shown  on  the  right.  Data  are  representative  of  3  independent  experiments.  D,  mice  injected  intraperitoneally  with  A2780cp20 
cells  were  treated  with  vehicle  alone,  paclitaxel  alone,  LDE225  alone,  or  combined  paclitaxel  +  LDE225.  E,  mice  injected  intraperitoneally  with  SKOV3TRip2 
cells  were  treated  with  either  vehicle  alone,  paclitaxel  alone,  LDE225  alone,  or  combined  paclitaxel  +  LDE225.  For  both  xenograft  models,  mice  treated  with  the 
combination  paclitaxel  +  LDE225  showed  a  significant  reduction  in  tumor  weight  compared  with  treatment  with  vehicle  alone.  Mean  tumor  weights 
with  standard  error  are  presented.  *,  P  <  0.05,  compared  with  vehicle  control. 
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arrest  and  cell  death  induced  by  the  microtubule-stabi¬ 
lizing  effects  of  paclitaxel. 

To  determine  if  LDE225  can  similarly  reverse  taxane 
resistance  in  vivo,  an  orthotopic  mouse  model  using  che- 
moresistant  cell  lines  was  used.  Nude  mice  were  injected 
intraperitoneally  with  either  A2780cp20  or  SKOV3TRip2 
cells  and  randomized  to  4  treatment  groups:  (a)  vehicle 
alone,  (b)  paclitaxel  alone  (75  pg  weekly),  (c)  LDE225  alone 
(60  mg/kg  daily),  or  (d)  combined  paclitaxel  and  LDE225. 
When  control  mice  started  to  become  moribund  with 
tumor  burden,  all  mice  were  sacrificed  and  total  tumor 
weights  recorded.  In  the  A2780cp20  model  (Fig.  3D),  there 
was  no  significant  reduction  in  tumor  growth  with  either 
paclitaxel  or  LDE225  alone.  However,  the  combination  of 
paclitaxel  and  LDE225  resulted  in  significantly  reduced 
tumor  weight,  by  65.7%  compared  with  vehicle  alone 
(P  =  0.028).  This  represented  a  60.7%  reduction  compared 
with  paclitaxel  alone  (P  =  0.014)  and  a  68%  reduction 
compared  with  LDE225  alone  (P  =  0.010),  again  showing 
synergy  of  paclitaxel  and  LDE225.  Similar  results  were 
observed  in  SKOV3TRip2  xenografts  (Fig.  3E).  Neither 
paclitaxel  nor  LDE225  alone  had  a  statistically  signi¬ 
ficant  impact  on  tumor  growth,  whereas  combination 
treatment  significantly  reduced  tumor  weight,  by 
70.4%  compared  with  vehicle  alone  (P  =  0.015).  This 
represented  a  56.6%  reduction  compared  with  paclitaxel 
alone  (P  =  0.18)  and  a  58.8%  reduction  compared  with 
LDE225  alone  (P  =  0.13),  although  neither  was  statistically 
significant. 

LDE225  sensitizes  chemoresistant  ovarian  cancer 
cells  to  paclitaxel  by  downregulating  MDR1 
expression  and  sensitizes  both  ALDH-negative  and 
-positive  ovarian  cancer  cells  to  paclitaxel 

The  primary  mediator  of  taxane  resistance  in  general, 
and  in  the  chemoresistant  cell  lines  examined  in  this  study 
(27),  is  the  expression  of  the  drug  efflux  protein,  P-glyco- 
protein  (ABCB1/MDR1).  To  identify  the  mechanism 
underlying  taxane  sensitization  after  Smo  antagonism, 
we  next  examined  whether  LDE225  could  modulate 
MDR1  gene  expression.  In  A2780cp20  cells  exposed  to 
LDE225  alone,  paclitaxel  alone,  and  combined  LDE225  + 
paclitaxel  for  72  hours,  it  was  observed  that  LDE225 
decreased  MDR1  expression  (by  up  to  49.2%,  P  <  0.05), 
whereas  paclitaxel  actually  led  to  a  compensatory  increase 
in  MDR1  expression  (2.88-fold,  P  <  0.05)  compared  with 
vehicle  control  (Fig.  4A).  This  compensatory  increase  in 
MDR1  was  alleviated  by  LDE225  in  a  dose-dependent 
manner  (up  to  a  59.9%  decrease,  P  <  0.05),  showing  that 
this  compound  increases  sensitivity  to  paclitaxel,  at  least 
in  part,  by  downregulating  MDR1 .  Similar  results  were 
observed  in  SKOV3TRip2  cells  (Fig.  4B);  LDE225 
decreased  MDR1  expression  both  alone  (by  up  to 
36.4%,  P  <  0.05  compared  with  vehicle  control)  and  in 
combination  with  paclitaxel  (by  up  to  50.8%,  P  <  0.05 
compared  with  paclitaxel  alone).  In  this  cell  line,  a  com¬ 
pensatory  increase  in  MDR1  was  not  observed  with  pac¬ 
litaxel  alone,  likely  because  MDR1  is  already  expressed  at 


extremely  high  levels  (140-fold  more  than  in  A2780cp20) 
in  this  1,000-fold  taxane-resistant  cell  line  (27).  To  deter¬ 
mine  if  similar  modulation  of  MDR1  occurs  in  vivo,  RNA 
isolated  from  A2780cp20  tumors  (from  Fig.  3D)  was 
examined.  In  agreement  with  the  in  vitro  data,  LDE225 
alone  significantly  reduced  MDR1  expression  (by  35.2%,  P 
<  0.05)  and  paclitaxel  alone  significantly  increased  MDR1 
expression  (2.55-fold,  P  <  0.05)  compared  with  vehicle 
control  (Fig.  4C).  In  addition,  combination  treatment  sig¬ 
nificantly  reduced  MDR1  expression  compared  with  pac¬ 
litaxel  alone  (by  48.8%,  P  <  0.05),  blunting  this  compen¬ 
satory  rise. 

In  addition  to  our  examination  of  MDR1  expression 
after  LDE225  treatment,  we  also  examined  pill-tubulin 
and  stathmin,  proteins  that  have  been  associated  with 
microtubule  regulation  and  resistance  to  taxanes  (28).  It 
was  found  that  neither  of  these  proteins  was  affected  by 
LDE225  treatment  in  vitro  (as  determined  by  Western  blot 
analysis,  data  not  shown).  Taken  together,  these  data 
support  a  mechanism  whereby  LDE225  causes  the  down- 
regulation  of  MDR1  expression,  which  then  leads  to 
increased  uptake  of  paclitaxel  within  chemoresistant  cells, 
rather  than  potentiating  the  microtubule  stabilizing  effect 
of  this  compound. 

We  have  previously  shown  that  ALDH  activity  is  asso¬ 
ciated  with  enhanced  tumorigenicity  and  chemoresis- 
tance  in  ovarian  cancer,  and  may  define  one  of  potentially 
many  cancer  cell  populations  with  stem  cell-like  features 
(27,  29).  To  determine  whether  cancer  stem  cells  (CSCs) 
might  play  a  role  in  taxane  sensitization  after  LDE225 
treatment,  we  collected  ALDH-negative  and  -positive  cell 
populations  from  the  SKOV3TRip2  cell  line,  and  exposed 
them  to  combined  LDE225  and  paclitaxel.  As  shown 
in  Fig.  4D,  it  was  found  that  ALDH-negative  and  -positive 
SKOV3TRip2  cells  showed  a  similar  decrease  in  viability 
after  LDE225  treatment  alone  (21.4%  vs.  16.8%,  respec¬ 
tively),  compared  with  DMSO  control.  In  addition,  sen¬ 
sitivity  to  paclitaxel  (as  determined  by  IC50)  was  similarly 
increased  after  combination  treatment  in  ALDH-negative 
and  -positive  cells  (5.1-fold  vs.  4.0-fold  change  in  IC50, 
respectively).  These  results  indicate  that  the  more  tumor- 
igenic  ALDH-positive  cells  are  just  as  susceptible  to 
LDE225  treatment  as  ALDH-negative  cells,  and  that  HH 
inhibition  can  sensitize  both  populations  to  taxane  ther¬ 
apy.  Whether  other  putative  CSC  populations  such  as 
CD133,  CD44,  and  the  side  population,  with  which  there  is 
some  (but  not  complete)  crossover  with  the  ALDH  pop¬ 
ulation  (30),  can  also  be  sensitized  to  taxanes  will  be  the 
subject  of  future  investigations. 

Knockdown  of  Smo  diminishes  HH  pathway  activity, 
reduces  viability,  and  reverses  taxane  resistance  in 
ovarian  cancer  cells 

To  determine  whether  LDE225  reverses  taxane  resis¬ 
tance  through  inhibition  of  Smo  alone  or  off-target  effects, 
we  selectively  targeted  HH  pathway  members  using 
siRNAs  and  observed  effects  on  HH  pathway  activity 
and  paclitaxel  response.  As  shown  in  Fig.  5A,  knockdown 
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Figure  4.  LDE225  sensitizes  chemoresistant  ovarian  cancer  cells  to  paclitaxel  by  downregulating  MDR1  expression  and  sensitizes  both  ALDH-negative  and 
-positive  ovarian  cancer  cells  to  paclitaxel.  A,  A2780cp20  cells  were  exposed  to  DMSO,  LDE225  (1  or  5  umol/L),  paclitaxel  (Tax,  30  nmol/L),  or  combined 
LDE225  +  paclitaxel  for  72  hours  and  examined  for  MDR1  gene  expression.  *,  P  <  0.05,  compared  with  DMSO;  \  P  <  0.05,  compared  with  paclitaxel 
alone.  B,  SKOV3TRip2  cells  were  exposed  to  DMSO,  LDE225  (1  or  5  pmol/L),  paclitaxel  (Tax,  200  nmol/L),  or  combined  LDE225  +  paclitaxel  for  72  hours  and 
examined  for  MDR1  gene  expression.  * ,  P  <  0.05,  compared  with  DMSO; f,  P  <  0.05,  compared  with  paclitaxel  alone.  Data  are  representative  of  3 
independent  experiments.  C,  A2780cp20  xenografts  (n  =  5  per  group)  treated  with  vehicle  alone,  paclitaxel  alone,  LDE225  alone,  or  combined  LDE225  + 
paclitaxel  were  resected  after  4  weeks  of  therapy  and  examined  for  MDR1  gene  expression.  Mean  expression  with  SE  are  presented.  *,  P  <  0.05, 
compared  with  vehicle;  f,P<  0.05,  compared  with  paclitaxel  alone.  D,  SKOV3TRip2  cells  were  sorted  into  aldehyde  dehydrogenase-negative  (ALDH-)  and 
-positive  (ALDH+)  populations,  using  the  ALDEFLUOR  assay,  and  then  exposed  to  either  DMSO  or  5  umol/L  LDE225,  both  alone  and  in  combination  with 
increasing  concentrations  of  paclitaxel.  Cell  viability  was  determined  by  MTT  assay. 


of  Smo  was  achieved  both  at  the  mRNA  and  protein  level. 
As  expected,  this  downregulation  led  to  a  significant 
decrease  in  HH  target  genes  PTCH1  (66.6%,  P  <  0.01), 
GUI  (86.5%,  P  <  0.01),  and  GU2  (62.0%,  P  <  0.01).  Indi¬ 
vidual  knockdown  of  HH  mediators  Smo,  Glil,  or  Gli2 
using  2  distinct  siRNA  constructs  for  each  gene  led  to 
increased  sensitivity  to  paclitaxel  (Fig.  5B-D).  In  particu¬ 
lar,  Smo  knockdown  decreased  paclitaxel  IC50  by  up  to 
1 1 .7-fold;  Glil  knockdown,  up  to  3.5-fold;  and  Gli2  knock¬ 
down,  up  to  5.9-fold.  In  agreement  with  cyclopamine  and 
LDE225  biologic  effects,  knockdown  of  Smo,  Glil,  or  Gli2 
alone  significantly  decreased  cell  viability  (by  up  to  73.5%, 
57.6%,  and  26.5%,  respectively,  P  <  0.01)  compared  with 
control  siRNA.  Collectively,  these  data  suggest  that  HH 


signaling  promotes  ovarian  cancer  cell  survival  and  med¬ 
iates  taxane  resistance. 

Discussion 

In  this  study,  we  found  that  HH  pathway  signaling 
components  are  overexpressed  in  chemoresistant  ovarian 
cancer  cells.  Moreover,  targeting  the  HH  pathway 
decreased  ovarian  cancer  cell  viability  and  sensitized 
chemoresistant  ovarian  cancer  cells  to  paclitaxel  therapy 
through  decreased  MDR1  expression.  The  participation 
of  HH  signaling  in  ovarian  cancer  cell  survival  and  che¬ 
motherapy  resistance  makes  it  an  attractive  target  for 
therapy,  especially  because  most  patients  with  ovarian 
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Figure  5.  Knockdown  of  Smo  diminishes  HH  pathway  activity,  reduces  viability,  and  reverses  taxane  resistance  in  ovarian  cancer  cells.  A,  A2780cp20  cells  were 
exposed  to  either  control  or  Smo  siRNA  for  72  hours  and  examined  for  mRNA  expression  of  HH  pathway  mediators  SMO,  PTCH1,  GUI,  and  GLI2.  *,  P  <  0.01, 
compared  with  control  siRNA.  Protein  expression  of  Smo  and  Gli  (inset)  was  also  measured  using  Western  blot  analysis  to  confirm  mRNA  results.  (5-Actin  was  used 
as  a  loading  control.  A2780cp20  cells  were  transfected  with  either  control  siRNA  or  2  distinct  siRNA  constructs  designed  against  Smo  (B),  Glil  (C),  or  Gli2  (D) 
and  exposed  to  increasing  concentrations  of  paclitaxel.  Cell  viability  was  determined  by  MTT  assay.  Data  are  representative  of  3  independent  experiments. 


cancer  develop  tumor  recurrence  and  succumb  to 
chemoresistant  disease. 

Currently,  it  has  not  been  shown  what  role  HH  signal¬ 
ing  might  play  in  mediating  ovarian  cancer  chemoresis- 


tance,  a  persistent  obstacle  in  the  treatment  of  this  disease. 
Although  the  clinical  behavior  of  ovarian  cancer  suggests 
that  most  cancer  cells  are  initially  sensitive  to  chemother¬ 
apy,  they  subsequently  either  develop  resistance  or 
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contain  a  population  of  cells  that  are  inherently  resistant. 
The  latter  hypothesis  is  consistent  with  what  has  become 
known  as  tumor  initiating  cells  or  CSCs.  These  CSCs  are 
commonly  believed  to  have  enhanced  tumorigenicity, 
differentiation  capacity,  and  resistance  to  chemotherapy 
in  comparison  with  non-CSCs.  It  is  because  of  these 
features  that  CSCs  have  been  examined  for  molecular 
pathways  and  markers  that  could  be  targeted  for  thera¬ 
peutic  purposes.  Recent  studies  have  suggested  that 
developmental  pathways,  including  HH,  play  important 
roles  in  the  maintenance  of  CSCs  (10/11)  and  that  inhibit¬ 
ing  these  pathways  may  provide  enhanced  chemosensi- 
tivity  when  combined  with  traditional  chemotherapies.  In 
our  study,  we  sought  to  define  a  role  for  HH  signaling  in 
ovarian  cancer  chemoresistance.  Both  in  vitro  and  in  vivo, 
we  observed  significant  sensitization  to  paclitaxel  after 
Smo  antagonism  (LDE225)  in  taxane-resistant  ovarian 
cancer  cells.  This  sensitization  was  also  present  in 
ALDH-positive  cells,  a  subpopulation  of  cancer  cells  with 
enhanced  tumorigenicity  and  chemoresistance.  The 
mechanism  underlying  this  sensitization  seems  to  involve 
downregulation  of  P-glycoprotein  (ABCB1/MDR1),  a 
well-characterized  mediator  of  multidrug  resistance.  By 
downregulating  MDR1  expression,  uptake  of  paclitaxel 
by  cancer  cells  would  be  increased,  resulting  in  a  greater 
response  to  the  chemotherapeutic  agent.  This  mechanism 
would  explain  why  Smo  antagonists  did  not  sensitize 
chemoresistant  cells  to  carboplatin,  because  this  com¬ 
pound  is  not  a  substrate  for  the  P-glycoprotein  drug  efflux 
pump.  In  addition,  this  model  of  HH  inhibition  and 
chemosensitization  agrees  with  a  previous  study  done 
by  Sims-Mourtada  and  colleagues,  in  which  it  was 
showed  that  cyclopamine  sensitized  prostate  cancer  cells 
to  a  variety  of  chemotherapy  agents  in  vitro  (including  the 
taxane  docetaxel),  through  modulation  of  MDR1  expres¬ 
sion  (12).  The  observation  that  Smo  antagonism  did  not 
sensitize  cells  to  platinum  therapy  highlights  the  speci¬ 
ficity  of  this  effect. 

Previous  studies  have  showed  aberrant  expression  of 
the  HH  pathway  in  primary  specimens  of  ovarian  can¬ 
cer  compared  with  normal  ovarian  epithelium  (7-9), 
including  a  study  that  found  elevated  Glil  expression 
is  associated  with  decreased  survival  (9).  These  studies 
have  also  showed  decreased  ovarian  cancer  cell 
growth /viability  after  treatment  with  the  Smo  antago¬ 
nist  cyclopamine,  results  that  our  study  supports.  We 
have  previously  shown  that  GUI  and  GLI2  mRNA 
levels  were  significantly  higher  in  cancer  cells  isolated 
from  persistent /chemoresistant  tumors  compared  with 
those  isolated  from  matched  primary  tumors  (29).  Smo 
expression  was  also  increased  (3.7-fold)  in  persistent 
tumors;  however,  this  increase  was  not  statistically 
significant.  Patients  from  whom  persistent  tumors  were 
obtained  had  failed  both  taxane  and  platinum  chemo¬ 
therapies,  making  it  difficult  to  determine  whether 
this  increase  in  HH  pathway  genes  is  a  taxane-specific 
effect.  The  in  vitro  data  presented  in  this  study,  how¬ 
ever,  would  suggest  that  Smo,  as  well  as  Glil  and  Gli2, 


are  associated  with  taxane  resistance.  In  our  initial 
experiments  examining  the  effects  of  targeting  HH 
alone,  either  with  Smo  antagonists  or  RNAi,  ovarian 
cancer  cell  viability  was  significantly  decreased  in  vitro, 
indicating  that  the  HH  pathway  is  important  for  ovarian 
cancer  survival.  However,  this  effect  did  not  seem  to 
translate  to  our  xenograft  models,  in  which  the  Smo 
antagonist  LDE225  had  no  significant  impact  on  tumor 
growth  when  used  alone,  even  in  models  with  relatively 
high  Glil  expression.  These  findings  suggest  that  sur¬ 
vival  pathways  are  activated  in  the  murine  tumor 
microenvironment  that  allows  resistance  to  HH  antag¬ 
onist  monotherapy.  Given  the  recognized  importance  of 
crosstalk  between  the  tumor  stromal  cells  and  malig¬ 
nant  cells  in  the  HH  pathway  (6),  and  the  failure  of  this 
model  to  target  both  murine  and  human  compartments, 
more  efficacy  may  be  noted  with  monotherapy  in 
humans. 

Collectively,  the  data  presented  in  this  study  show 
that  increased  expression  of  HH  signaling  components 
is  associated  with  taxane  resistance,  which  can  be 
overcome  by  targeting  multiple  effectors  of  the  HH 
signaling  pathway.  With  the  ability  to  identify  subsets 
of  patients  with  cancer  with  HH  pathway  overexpres¬ 
sion,  antagonism  of  HH  signaling  in  combination  with 
taxane  therapy  could  ultimately  provide  a  useful  ther¬ 
apeutic  strategy  for  recurrent,  chemoresistant  ovarian 
cancer. 
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The  role  of  the  fallopian  tube  in  the  origin  of  ovarian  cancer 
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Advanced  cases  of  epithelial  ovarian,  primary  peritoneal,  and  primary  tubal  malignancies 
have  a  relatively  poor  prognosis  and  collectively  remain  the  most  deadly  of  all  gynecologic 
malignancies.  Although  traditionally  thought  of  as  one  disease  process,  ongoing  research 
suggests  that  there  is  not  1  single  site  or  cell  type  from  which  these  cancers  arise.  A 
majority  of  the  serous  tumors  appear  to  originate  from  dysplastic  lesions  in  the  distal 
fallopian  tube.  Therefore,  what  we  have  traditionally  considered  “ovarian”  cancer  may  in 
fact  be  tubal  in  origin.  In  this  article,  we  will  review  epithelial  ovarian  cancer  classification 
and  genetics,  theories  regarding  cells  of  origin  with  a  focus  on  tubal  intraepithelial 
carcinoma,  and  implications  for  prevention  and  screening. 

Key  words:  ovarian  carcinogenesis,  TP53  mutation,  tubal  intraepithelial  carcinoma 


At  the  core  of  understanding  any 
malignancy  is  determining  exactly 
where  the  tumor  originates.  Determina¬ 
tion  of  the  cells  of  origin  helps  researchers 
better  understand  carcinogenesis  and 
subsequently  has  implications  for  diag¬ 
nosing,  classifying,  treating,  and  prevent¬ 
ing  malignancies. 

For  many  epithelial  malignancies, 
the  cell  of  origin  is  well  defined  with 
precursor  lesions  easily  identified.  For 
example,  adenocarcinoma  of  the  colon 
originates  in  dysplastic  lesions  within 
the  colonic  mucosa,  and  cervical  cancer 
originates  from  human  papillomavirus 
(HPV) -infected  cells  in  the  cervical 
transformation  zone.1’2  In  contrast  to 
these  tumor  types,  the  origins  of 
epithelial  ovarian  cancer  (EOC)  are  not 
clearly  defined.  Moreover,  primary 
peritoneal  cancer  and  primary  tubal 
cancer  are  typically  grouped  with  EOC 
despite  apparently  distinct  anatomic 
locations. 

Many  theories  have  been  proposed 
as  to  the  cells  of  origin  and  mechanisms 
of  carcinogenesis  of  ovarian  cancer. 
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Traditionally  based  on  epidemiologic 
studies  and  pathologic  observation, 
these  theories  largely  assumed  that  EOC 
was  one  disease  process.  As  technology 
has  improved  and  more  sophisticated 
molecular  techniques  have  developed, 
we  now  understand  EOC  to  be  a  com¬ 
plex  and  heterogeneous  disease  process. 

Just  as  endometriosis  has  been 
implicated  in  the  development  of 
some  endometrioid  ovarian  adenocar¬ 
cinomas,3  emerging  data  suggest  that 
the  fallopian  tube  may  play  a  critical  role 
in  the  origin  of  what  has  traditionally 
been  classified  as  serous  ovarian  cancer. 
In  this  review  we  will  discuss  proposed 
mechanisms  of  “ovarian”  carcinogenesis 
focusing  on  the  emerging  role  of  the 
fallopian  tube  in  the  development  of 
ovarian  cancer. 

Ovarian  cancer  classification  and 
genetics 

Ovarian  cancer  is  the  most  lethal  gy¬ 
necologic  malignancy.  In  2013,  it  is 
estimated  there  will  be  >22,000  new 
diagnoses  and  >14,000  deaths  from  the 
disease.4  Although  many  improvements 
have  been  made  in  surgical  techniques 
and  adjuvant  treatment,  the  prognosis  of 
ovarian  cancer  is  poor,  with  a  5 -year 
survival  rate  of  only  45%. ”  The  major¬ 
ity  of  ovarian  cancer  is  diagnosed  in 
advanced  stages,  in  part  because  no 
screening  test  exists  to  detect  preinvasive 
or  early-stage  disease. 


Traditionally,  EOC  is  divided  into  its 
histologic  subtypes:  serous,  mucinous, 
endometrioid,  clear  cell,  transitional  cell, 
or  any  combination  of  these  (mixed). 
Serous  histology  is  the  most  common, 
representing  70%  of  EOC.6  Serous  tu¬ 
mors  are  aggressive  tumors  that  usually 
present  at  an  advanced  stage,  and 
although  they  commonly  respond  to 
surgery  and  platinum-based  chemo¬ 
therapy,  they  usually  recur. 

With  improved  molecular  techniques, 
it  has  recently  been  shown  that  almost 
all  of  these  serous  tumors  harbor  TP53 
mutations.7  In  fact,  serous  EOC  has  the 
highest  frequency  of  TP53  mutations  of 
any  solid  cancer.7  These  high-grade,  clin¬ 
ically  aggressive  TP53-mutated  serous 
cancers  are  now  often  termed  “type  2” 
EOC.8  In  contrast  to  type  2  tumors,  type  1 
tumors  often  present  at  earlier  stages,  have 
a  more  indolent  clinical  course,  and  rarely 
have  TP53  mutations.  Instead,  they 
carry  other  genetic  mutations  suggesting 
distinct  pathways  of  carcinogenesis  in¬ 
cluding  phosphatase  and  tensin  homolog 
(PTEN),  v-Ki-ras2  Kirsten  rat  sarcoma 
viral  oncogene  homology  (KRAS),  and 
v-raf  murine  sarcoma  viral  oncogene 
homolog  B1  (BRAF).9’10  Although  the 
terminology  suggests  that  low-grade  and 
high-grade  EOC  may  be  a  spectrum  of 
disease,  it  is  now  believed  that  these 
represent  2  distinct  pathologic  entities 
with  different  origins,  mutations,  be¬ 
havior,  and  clinical  course.11,1- 


MONTH  2013  American  Journal  of  Obstetrics  &  Gynecology  1 


ARTICLE  IN  PRESS 


Review  Oncology 


www.AJOG.org 


Cellular  composition  of  the  ovary 

The  ovary  is  derived  from  multiple 
embryonic  structures  including  the 
coelomic  epithelium,  the  subcoelomic 
mesoderm,  and  the  primordial  germ 
cells  from  the  yolk  sac  endoderm.  The 
rest  of  the  female  genital  tract,  including 
the  fallopian  tubes,  uterus,  cervix,  and 
upper  vagina,  are  derived  from  the 
Mullerian  ducts.  These  distinctly  dif¬ 
ferent  developmental  pathways  are 
highlighted  by  the  fact  that  in  patients 
with  mullerian  agenesis,  the  ovaries  are 
usually  functional  and  intact. 

As  a  result  of  its  complex  embryologic 
development,  the  ovary  is  composed  of 
various  cell  types  that  serve  specific 
structural,  hormonal,  or  reproductive 
functions.  Additionally,  each  cell  type 
can  develop  into  a  distinctly  different 
neoplasm.  For  example,  granulosa  cell 
tumors  and  fibrothecomas  develop  from 
stromal  cells,  and  teratomas  and  yolk 
sac  tumors  originate  from  germ  cells.  EOC 
is  frequently  thought  of  in  the  same 
manner.  However,  the  ovary  does  not 
actually  contain  a  well-differentiated  epi¬ 
thelium.  Instead,  the  ovary  is  covered  with 
a  single- cell  mesothelial  layer,  termed  the 
“ovarian  surface  epithelium”  (OSE).  This 
layer  derives  from  the  coelomic  epithe¬ 
lium,  not  the  Mullerian  ducts,  and  also 
covers  the  serosa  of  the  fallopian  tubes, 
uterus,  and  peritoneal  cavity.  The  cells  of 
the  OSE  are  distinct  from  other  differen¬ 
tiated  epithelial  layers  from  a  molecular 
standpoint  as  well.  OSE  does  not  express 
cancer  antigen  125  (CA125)  or  E-cad- 
herin,  which  are  markers  of  mature, 
differentiated  epithelium.13  Instead,  OSE 
expresses  the  mesenchymal  markers 
vimentin  and  N-cadherin.14 

So  then,  why  are  these  malignancies 
termed  “epithelial,”  if  no  true  well- 
differentiated  ovarian  epithelium  exists? 
On  pathologic  assessment,  these  cancers 
are  composed  of  elements  that  resemble, 
both  in  histology  and  genetic  mutations, 
Miillerian-derived  epithelium  of  the 
female  genital  tract.  Specifically,  serous 
tumors  resemble  the  cells  found  in  the 
tubal  epithelium,  mucinous  tumors  re¬ 
semble  the  mucin-producing  glandular 
cells  of  the  endocervix,  and  endome¬ 
trioid  tumors  resemble  the  structure  of 
the  endometrium.15 


Theories  of  origin  of  EOC 

Early  attempts  to  characterize  ovarian 
carcinogenesis  noted  a  clear  relationship 
between  ovulation  and  risk  for  ovarian 
cancer.  In  1971,  Fathalla16  first  described 
the  incessant  ovulation  hypothesis.  In 
these  studies  performed  on  hens,  a  high 
rate  of  metastatic  ovarian  adenocarci¬ 
noma  was  noted  in  the  hens  that  were 
forced  to  produce  an  excessive  number 
of  eggs  without  any  breaks  in  ovulation. 
It  was  theorized  that  OSE  cells  are 
damaged  during  the  process  of  ovulation 
and  then  internalized  to  form  cortical 
inclusion  cysts.16  It  was  postulated  that 
these  cysts  then  undergo  metaplasia  to 
become  differentiated  Mullerian-like  epi¬ 
thelium,  eventually  becoming  dysplastic, 
and  ultimately  leading  to  ovarian  carci¬ 
noma.17  This  transformation  may  result 
from  constant  exposure  to  growth  factors 
secreted  into  the  cyst  that  normally  would 
be  lost  into  the  peritoneal  cavity  when 
secreted  by  cells  on  the  ovarian  surface. 

This  theory  is  further  supported  by 
epidemiologic  evidence  in  human  beings 
showing  an  association  between  ovula¬ 
tion  and  an  increased  risk  for  ovarian 
cancer.18  Women  who  have  breaks  in 
ovulation  due  to  pregnancy  and  breast¬ 
feeding  have  lower  risk  of  disease.19,20 
Moreover,  women  who  take  oral  con¬ 
traceptive  pills  (OCPs),  and  therefore 
have  fewer  ovulatory  cycles,  reduce  their 
risk  of  ovarian  cancer  by  almost 
50%.21,22 

Not  all  epidemiologic  evidence  sup¬ 
ports  the  hypothesis  that  incessant 
ovulation  is  the  culprit  for  tumor  initi¬ 
ation.  For  example,  women  with  poly¬ 
cystic  ovarian  syndrome,  who  by  default 
ovulate  infrequently,  are  at  increased  risk 
for  EOC.23  Although  it  was  initially 
proposed  that  OCP  use  decreased  the 
risk  of  ovarian  cancer  by  decreasing  the 
number  of  ovulatory  cycles,  it  appears 
that  the  protective  effect  of  OCPs  is 
similar  in  progesterone-only  formula¬ 
tions,  which  usually  do  not  inhibit 
ovulation.24 

Due  in  some  part  to  the  weaknesses 
identified  in  the  incessant  ovulation  hy¬ 
pothesis,  another  theory  was  proposed 
regarding  how  OSE  transforms  into 
malignancy.  The  gonadotropin  hypoth¬ 
esis  theorizes  that  overstimulation  of 


OSE  via  follicle  stimulating  hormone 
(FSH)  and  luteinizing  hormone  (LH) 
receptors  leads  to  proliferation  and  risk 
for  malignant  transformation.25  Preg¬ 
nant  women  and  women  taking  OCPs 
also  maintain  lower  levels  of  gonado¬ 
tropins,  potentially  explaining  their 
decreased  risk  of  EOC.  This  could  also 
explain  the  increased  risk  of  EOC  in 
nulliparous  women,  women  with  poly¬ 
cystic  ovary  syndrome,  and  women  with 
other  types  of  primary  infertility  who 
also  have  increased  gonadotropin  pro¬ 
duction.  The  increased  production  of 
gonadotropins  in  perimenopausal 
women  may  also  account  for  the  increase 
in  incidence  of  EOC  presenting  approxi¬ 
mately  10  years  after  menopause.  How¬ 
ever,  despite  these  theories,  serum  FSH 
and  LH  levels  have  not  correlated  with  risk 
of  disease  in  either  premenopausal  or 
postmenopausal  women.26,27  Moreover, 
although  animal  studies  have  shown  that 
gonadotropin  exposure  promotes  tumor 
growth,  no  study  has  been  able  to 
convincingly  demonstrate  malignant 
transformation  of  OSE  or  cortical  inclu¬ 
sion  cysts  with  gonadotropin  exposure.9 

Although  these  and  other  theories 
have  been  proposed  to  describe  how  the 
ovarian  mesothelium  could  undergo 
metaplasia  and  dysplasia,28,29  perhaps 
the  greatest  gap  in  understanding  the 
process  of  ovarian  carcinogenesis  from 
OSE  is  the  identification  of  a  true  pre¬ 
cursor  lesion  of  high-grade  carcinoma 
within  the  ovary.  Although  benign 
ovarian  cystadenomas  can  progress  into 
a  borderline  tumor  (and  later  a  low- 
grade  malignancy),  the  progression  of 
low-grade  to  high-grade  serous  carci¬ 
noma  is  exceedingly  rare.30  Ovarian 
endometriosis  has  been  identified  within 
endometrioid  and  some  mixed  histology 
ovarian  cancers,  however  it  does  not 
seem  to  be  causative  in  serous  tumors.31 

In  search  of  a  cell  of  origin 

As  the  complexity  and  heterogeneity  of 
the  origins  of  ovarian  cancer  became 
apparent,  it  was  clear  that  there  is  likely 
not  1  single  location  or  etiology  for  all 
types  of  EOC.  For  example,  endometri¬ 
osis  became  more  definitively  linked  to 
many  cases  of  endometrioid  and  clear  cell 
EOC.  Mucinous  tumors  were  recognized 
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FIGURE 

Tubal  intraepithelial  carcinoma 


Section  of  fallopian  tube  exhibiting  tubal  intraepithelial  carcinoma  (arrows)  and  adjacent  normal  tubal 
epithelium  (arrowheads).  Note  lack  of  stromal  invasion  (x200). 

Erickson.  Fallopian  tube  in  ovarian  cancer.  Am  J  Obstet  Gynecol  2013. 


as  often  coming  from  appendiceal  or 
other  gastrointestinal  origins.  Thus  the 
search  to  identify  a  precursor  lesion  of 
high-grade  serous  carcinoma  intensified. 

In  2001,  Piek  et  al32  reported  close 
examination  of  tubal  segments  removed 
from  women  undergoing  a  risk-reducing 
bilateral  salpingo-oophorectomy  (BSO). 
These  women  had  either  breast  cancer 
gene  (BRCA)  mutations  or  a  strong 
family  history  of  ovarian  cancer.  Of  12 
pathologic  specimens  examined,  6  had 
areas  of  cellular  dysplasia  noted  in  the 
tubal  epithelium  and  5  additional  spec¬ 
imens  had  hyperplastic  lesions.  These 
hyperplastic  and  dysplastic  lesions  his¬ 
tologically  resembled  high-grade  serous 
ovarian  cancer,  but  without  invasion. 

When  larger  cohorts  of  patients  with 
BRCA  mutations  were  studied  with  thin 
sectioning  and  careful  analysis  of  the 
fallopian  tube,  it  was  noted  that  about 
1-5%  of  patients  already  had  an  early 
tubal  malignancy  at  the  time  of  their 
risk-reducing  surgery.33,34  The  majority 
of  these  malignancies  had  an  early 
intraepithelial  component  and  they  all 
were  located  in  the  distal  fimbriated  end 
of  the  fallopian  tube.  As  a  result  of  the 
detection  of  occult  malignancies  and 
dysplastic  lesions,  it  appeared  that  these 
patients  had  a  higher  risk  for  serous 
carcinoma  derived  from  the  fallopian 
tube,  not  the  ovary.35  Fallopian  tube 
carcinoma  thus  became  part  of  the  spec¬ 
trum  of  BRCA-associated  diseases.32’’5 

In  2003,  in  a  letter  to  the  editor,  Piek 
et  al36  synthesized  these  data  and  pro¬ 
posed  a  new  hypothesis  regarding  the 
relationship  between  tubal  and  ovarian 
serous  carcinoma.  They  hypothesized 
that  most  hereditary  serous  carcinomas 
originate  from  the  epithelium  of  the 
fallopian  tube.  These  tubal  epithelial 
cells  are  then  spilled  onto  the  surface 
of  the  ovary  and  therefore  create  the 
appearance  of  ovarian  origin. 

Regions  of  dysplasia  within  tubal 
epithelium  were  termed  “tubal  intra¬ 
epithelial  carcinoma”  (TIC)  and  in  most 
cases,  these  areas  demonstrated  high 
levels  of  p53  accumulation  (Figure).  As 
noted  previously,  TP53  mutations  are 
present  in  almost  100%  of  type  2  high- 
grade  serous  ovarian  cancers.  The  ma¬ 
jority  of  TP53  mutations  lead  to  the 


production  of  a  nonfunctional  p53  pro¬ 
tein  that  accumulates  in  the  cytoplasm  of 
tumor  cells.  Thus,  positive  p53  staining 
is  a  surrogate  for  TP53  mutational  status. 
Subsequent  studies  in  patients  with 
BRCA  mutations  have  shown  that  even 
“benign”  areas  of  distal  tubal  epithelium 
overexpress  p53.  These  areas  are  termed 
“p53  signatures”37  and  may  represent  an 
even  earlier  precursor  lesion  than  TIC  in 
the  development  of  high-grade  serous 
carcinomas.  The  fact  that  TIC  often  stains 
p53  positive  and  contains  such  a  signature 
further  suggests  premalignant  changes 
at  the  molecular  level.32,38 

Beyond  BRCA  mutation  carriers 

These  patterns  of  tumor  origin  were 
next  studied  outside  of  cohorts  of  BRCA 
mutation  carriers.  Kindelberger  et  al39 
examined  the  pathology  of  55  women 
with  advanced-stage  cases  of  serous 
ovarian,  tubal,  or  primary  peritoneal 
carcinoma.  Tubal  specimens  were  sub¬ 
jected  to  careful  thin  sectioning  of  the 
fimbriae  as  well  as  p53  immunostaining. 


Surprisingly,  75%  of  all  cases  of  pelvic 
serous  carcinomas  contained  areas  of 
TIC.  Specifically,  5  of  5  cases  of  tubal 
carcinomas  contained  TIC,  4  of  6  peri¬ 
toneal  carcinomas,  and  20  of  30  ovarian 
carcinomas.  The  majority  (93%)  of 
TIC  was  identified  in  the  distal  tubal 
fimbriae.  In  the  cases  where  TIC  was 
identified  in  a  patient  with  ovarian  car¬ 
cinoma,  most  ovarian  tumors  were  both 
bilateral  and  also  intraparenchymal. 

These  areas  of  TIC  were  dissected 
and  subject  to  p53  immunostaining 
and  specific  TP53  mutational  analysis. 
Thousands  of  distinct  TP53  mutations 
have  been  described  in  human  cancers 
and  thus  a  tumor’s  TP53  mutation  can 
serve  as  its  unique  label.40  In  all  5  cases 
subject  to  TP53  mutational  analysis,  the 
exact  same  TP53  mutation  that  was 
identified  in  the  TIC  was  identified  in 
the  metastatic  ovarian  tumor,  support¬ 
ing  their  clonality.  Therefore,  although 
the  distal  fallopian  tube  cannot  be 
implicated  universally  in  the  develop¬ 
ment  of  carcinoma,  as  was  suggested  in 
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BRCA  mutation  carriers,  its  frequent 
involvement  in  what  has  typically  been 
termed  “ovarian”  cancer  has  changed 
our  understanding  of  the  cells  of  origin 
of  EOC  and  has  prompted  further 
research. 

In  another  large  pathological  assess¬ 
ment  of  52  cases  of  EOC,  Przybycin 
et  al41  noted  a  TIC  frequency  rate  of  59% 
in  patients  with  serous  tumors.  They  also 
noted  that  there  was  no  TIC  identified 
in  mucinous,  endometrioid,  or  carcino¬ 
sarcoma  histologies.41  Thus  TIC  seems 
to  be  uniquely  associated  with  the 
development  of  serous  histology  EOC. 
Kuhn  et  al42  further  showed  the  clonality 
of  TIC  and  the  metastatic  counterparts 
in  a  study  that  examined  the  histology  of 
29  patients  with  both  TIC  and  high- 
grade  serous  tumors.  In  all,  93%  of  the 
paired  specimens  had  identical  TP53 
mutations  in  the  TIC  and  metastatic 
tumor,  providing  further  evidence  that 
these  areas  of  TIC  are  the  precursor 
lesions  for  the  metastatic  tumor. 

Unifying  the  hypotheses 

It  is  clear  that  TIC  is  not  present  in 
every  case  of  high-grade  serous  ovarian 
cancer.  Therefore,  a  dual  pathway  model 
for  the  carcinogenesis  of  high-grade 
pelvic  serous  tumors  has  been  pro¬ 
posed.  As  evidenced  by  studies  identi¬ 
fying  the  clonal  relationship  between 
TIC  and  metastatic  tumor,  the  majority 
of  serous  tumors  likely  originate  in  the 
distal  fallopian  tube.  These  small  areas  of 
dysplasia  eventually  become  malignant 
and,  due  to  their  location,  metastasize  to 
the  ovaries  and  surrounding  pelvic 
structures.  They  may  also  present  as 
fallopian  tube  cancers  or  primary  peri¬ 
toneal  cancer  if  there  is  no  significant 
involvement  of  the  ovary.  The  remaining 
cases  of  serous  EOC  may  have  truly 
ovarian  origins.  Mullerian  epithelium, 
present  on  the  ovary  through  either 
metaplasia  of  the  ovarian  mesothe- 
lium  or  ectopic  Mullerian  tissue  (eg, 
endometriosis  and  endosalpingiosis) 
could  progress  to  dysplastic  epithelium 
and  eventually  lead  to  malignant 
transformation. 

The  role  of  the  fallopian  tube  in  other 
histologic  types  of  EOC  is  also  being 
investigated.  Based  on  the  areas  of 


papillary  tubal  hyperplasia  noted  in  pa¬ 
tients  with  low-grade  serous  tumors,  it  is 
hypothesized  that  these  ovarian  and 
extraovarian  tumors  may  also  have  pre¬ 
cursor  lesions  in  the  fallopian  tube.4'1 
Moreover,  with  further  study  of  the 
ovarian  mesothelium  and  ovarian  in¬ 
clusion  cysts,  it  appears  that  even  inclu¬ 
sion  cysts  may  have  fallopian  tube 
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origins. 

Implications  for  prevention 

Effective  cancer  screening  programs 
typically  require  identification  of  either 
a  precursor  lesion  or  an  early-stage 
malignancy.  This  is  demonstrated  most 
notably  in  colon,  cervix,  and  breast  can¬ 
cer  screening.  Unfortunately,  without  a 
clear  precursor  lesion  or  biomarker, 
ovarian  cancer  screening  has  thus  far 
been  unsuccessful  in  identifying  pre- 
invasive  or  early-stage  disease.  A  large 
trial  studying  ultrasonography  and  serum 
CA125  for  ovarian  cancer  screening  in 
asymptomatic  women  was  unable  to 
demonstrate  efficacy  in  detecting  early- 
stage  disease.44  Modifications  to  this 
approach  may  demonstrate  efficacy, 
either  by  following  CA125  over  time 
rather  than  at  a  single  point,43  or  by  tri¬ 
aging  patients  to  ultrasound  only  if  the 
CA125  is  consistently  elevated.46  Because 
the  majority  of  EOC  precursor  lesions  are 
not  harbored  within  the  ovary,  it  is  not 
surprising  that  adnexal  imaging  is  of 
limited  utility. 

Although  no  method  of  TIC  detection 
has  been  established  short  of  surgical 
resection,  the  future  holds  promise  for 
novel  methods  of  EOC  screening  and 
prevention.  Models  have  predicted  that 
TIC  and  early-stage  disease  are  likely 
present  for  at  least  4  years  before  be¬ 
coming  widely  metastatic.47  With  im¬ 
proved  understanding  of  TIC  and  its  role 
in  carcinogenesis,  there  may  be  opportu¬ 
nities  for  developing  screening  methods 
and  biomarker  identification.48  31 

Due  to  the  role  of  the  fallopian  tube  in 
EOC,  approaches  to  gynecologic  surgery 
have  already  begun  to  shift.  Risk- reducing 
surgery  for  patients  with  BRCA  mutations 
currently  includes  complete  excision 
of  the  ovaries  and  fallopian  tubes  with 
serial  sectioning.  With  careful  excision 
and  close  evaluation,  rates  of  occult 


preinvasive  or  invasive  tubal  malignancies 
in  this  population  may  be  as  high 
at  10%.52 

Surgical  implications  may  extend  be¬ 
yond  prophylactic  surgery  for  high-risk 
patients.  In  the  United  States,  >600,000 
hysterectomies  are  performed  each  year 
and  about  55%  of  hysterectomies  are 
accompanied  by  BSO.53  There  has  been 
considerable  debate  about  the  risks  and 
benefits  of  performing  a  BSO  at  the  time  of 
hysterectomy.  On  one  hand,  the  risk  of 
EOC  is  reduced,  but  this  comes  at  the 
expense  of  the  potential  risks  of  cardio¬ 
vascular  disease,  osteoporosis,  and  even 
cognitive  impairment  seen  with  early 
surgical  menopause.54  In  a  large  analysis 
of  >20,000  patients  from  the  Nurses’ 
Health  Study,  all-cause  mortality  as  well  as 
cancer  mortality  both  increased  in  women 
who  received  a  BSO.55  This  was  due  pri¬ 
marily  to  increases  in  heart  disease  and 
stroke.  The  authors  concluded  that  with 
an  expected  lifespan  of  35  years  after  sur¬ 
gery,  for  every  9  BSOs  performed  there 
was  1  additional  early  death.33 

With  the  risks  associated  with  BSO  at 
the  time  of  hysterectomy  for  benign  dis¬ 
ease,  it  is  becoming  more  apparent  that  it 
may  be  clinically  prudent  to  leave  the 
ovaries  in  place  for  prolonged  hormone 
exposure.  However,  because  the  post- 
reproductive  fallopian  tube  serves  little 
biologic  purpose,  it  may  be  sensible  to 
perform  only  a  salpingectomy  at  the  time 
of  surgery.  Although  no  prospective  data 
support  this  practice,  it  follows  rationally 
that  this  has  the  potential  to  reduce 
the  risk  of  serous  carcinoma  with  little 
or  no  increased  morbidity.56  Given  that 
an  estimated  80-90%  of  BRCA-related 
“ovarian”  cancers  originate  in  the  fallo¬ 
pian  tube,  consideration  might  also  be 
given  to  performing  a  risk-reducing  sal¬ 
pingectomy  in  especiallyyoung  patients.57 

It  has  long  been  noted  that  bilateral 
tubal  ligation  confers  some  protection 
toward  developing  ovarian  cancer.  Spe¬ 
cifically,  in  a  metaanalysis  of  13  studies, 
there  was  a  34%  risk  reduction  in 
the  development  of  endometrioid  and 
serous  EOC.58  Proposed  mechanisms 
include  effects  on  ovarian  function 
and  mechanical  barriers  against  ascend¬ 
ing  vaginal  carcinogens  and  ascending 
proximal  tubal  or  endometrial  cells.59 


4  American  Journal  of  Obstetrics  &  Gynecology  MONTH  2013 


ARTICLE  IN  PRESS 


www.AJOG.org 


Oncology  Review 


Due  to  their  localization  at  the  fimbri¬ 
ated  end  of  the  fallopian  tube,  it  is 
unlikely  that  tubal  ligation  surgically 
removes  areas  of  TIC,  however  this  has 
not  yet  been  rigorously  evaluated. 

Finally,  there  may  be  opportunities  to 
sample  the  fallopian  tube  for  preinvasive 
disease.  Kinde  et  al60  reported  that  TP53 
mutations  can  be  detected  in  cervical 
cytology  specimens  in  40%  of  ovarian 
cancers.  Protocols  are  being  evaluated 
whereby  the  fallopian  epithelial  cells 
are  brushed  away  hysteroscopically  for 
cytologic  analysis. 

Conclusion 

Epithelial  ovarian,  primary  peritoneal, 
and  primary  tubal  malignancies  are  a 
complex  and  heterogeneous  group  of 
tumors  that  remain  the  most  deadly  of 
all  gynecologic  malignancies.  Ongoing 
research  has  confirmed  that  there  is  not  1 
single  site  or  cell  type  from  which  these 
cancers  arise.  A  majority  of  serous  car¬ 
cinomas  appear  to  have  preinvasive 
lesions  in  the  distal  fallopian  tube.  This 
recent  finding  has  shifted  the  paradigm 
of  ovarian  cancer  carcinogenesis.  Com¬ 
plete  bilateral  salpingectomy  as  a  risk- 
reducing  strategy  in  patients  with  BRCA 
mutations  is  an  approach  worthy  of 
further  investigation  and  it  may  be 
reasonable  to  consider  salpingectomy  for 
all  patients  undergoing  hysterectomy  for 
benign  disease.  As  we  move  forward,  new 
research  directed  specifically  at  TIC  may 
provide  insight  into  carcinogenesis,  and 
molecular  studies  may  someday  allow  for 
more  effective  screening  strategies.  ■ 
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